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INTRODUCTION 

Early in 1972 the Energy RLD Goals Committee of the  Federal  Council on Science and 
Technology organized a study t o  assess a number of bas i c  energy technologies which could 
favorably inf luence  the  U.S. fu tu re  energy suppl ies .  Various f ede ra l  agencies sponsored 
eleven technica l  panels t o  perform t h i s  assessment and t o  prepare R&D plans f o r  developing 
the  p r i o r i t y  technologies. The f ind ings  of one of these  panels,  "Hydrogen and Synthetic 
Fuels," sponsored by the  USAEC, is the  primary subjec t  of t h i s  paper. 

While the re  are cur ren t ly  se r ious  problems in providing adequate e l e c t r i c i t y ,  the 
longer-term energy problems seem t o  be  more assoc ia ted  with providing an assured supply of 
environmentally acceptable por tab le  fue l s .  The importance of t h i s  supply is apparent when 
i t  is rea l ized  t h a t  e l e c t r i c a l  energy only meets about one-tenth of our end-energy needs 
today - the  remainder is supplied from f o s s i l  fue l s ,  mainly petroleum and na tu ra l  gas. 

While production of syn the t i c  f u e l s  requi res  thermal o r  e l e c t r i c a l  energy and thus 
may appear t o  complicate an already d i f f i c u l t  problem, t h i s  energy can be obtained from 
domestic and, f o r  t he  most p a r t ,  clean sources,  e.g. ,  nuclear o r  so l a r .  Further,  because 
of low t ranspor t  cos t s ,  synthe t ic  fue l s  can be produced a t  remote, well-regulated p l an t s  
and thus would not cont r ibu te  t o  t h e  primary po l lu t ion  problems t h a t  e x i s t  i n  our urban 
centers .  
f o s s i l  f u e l  resources,  pa r t i cu la r ly  petroleum, so t h a t  they may be used as valuable chemi- 
c a l  product feedstocks and i n  meta l lurg ica l  processes.  
hydrogen, may be  consumed with very l i t t l e  or no air  pol lu t ion  as w e l l  as with higher con- 
version e f f i c i e n c i e s  and thus could be more a t t r a c t i v e  fo r  urban uses than the f o s s i l  f u e l s  
in curren t  use. 

An addi t iona l  consequence of such a system is t h a t  of conservation of our l imited 

The syn the t i c  f u e l s ,  espec ia l ly  \ 

The i n t e n t  of t h i s  paper is t o  summarize the  findings(1) of t he  Synthe t ic  Fuels Panel 
which evaluated the  major aspec ts  of new fue l s  systems, i . e . ,  production, s torage  and 
t ranspor ta t ion ,  end uses and an ove ra l l  systems ana lys i s .  
gen and o the r  f u e l s  from nonfoss i l  sources, a s ec t ion  on t he  use of coa l  t o  produce hydro- 
gen and methanol is a l so  included t o  help def ine  the  in te r im time period before  our dependency 
on nonfoss i l  fue l s  occurs. 

While t h e  emphasis was on hydro- 

The organization of the  panel and the  main cont r ibu tors  to  the  e f f o r t  are given in t he  
Appendix. The primary fue l s  considered, along with a l i s t i n g  of t h e i r  s i g n i f i c a n t  charac- 
t e r i s t i c s ,  a r e  given in Table 1. 

PRODUCTION OF FUELS 

Perhaps the  most c r i t i c a l  f ac to r  influencing the  v i a b i l i t y  of an energy system based 

In considering the production 
on synthe t ic  fue ls  res ides  i n  the  production system, pa r t i cu la r ly  i n  terms of the  cos ts  and 
t h e  impact on the  use of resources and on the  environment. 
of hydrogen from nonfoss i l  primary energy sources four main processes are ava i lab le  -water 
e l e c t r o l y s i s ,  thermal-chemical, b io log ica l ,  and r ad io ly t i c .  Most cur ren t  hydrogen produc- 
t i o n  f a c i l i t i e s  a r e  based on t he  use of f o s s i l  fue l s ,  mainly n a t u r a l  gas and various petro- 
leum f rac t ions  wherein the hydrogen source is p a r t l y  from the  hydrocarbon and pa r t ly  from 

*Research sponsored by the  U.S. Atomic Energy Commission under cont rac t  with the  Union 
Carbide Corporation. 
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3 
water. 
coa l  i n  which carbon is  used t o  reduce water. 
could be  produced on a massive s c a l e  by water e l e c t r o l y s i s  using nuc lear ,  s o l a r ,  or geo- 
thermal primary energy sources.  

As these f o s s i l  fue l s  become more expensive and less ava i lab le .  H 2  can be made  from 
As coal  becomes more expensive, hydrogen 

Water E lec t ro lys i s  

Water e l e c t r o l y s i s  i s  a w e l l  e s tab l i shed  commercial process i n  which hydrogen and oxy- 
gen a r e  produced by the  passage of e l e c t r i c i t y  through a conducting water medium. 
along with Table 2 ,  gives a comparison of t h e  a c t u a l  performance of e l e c t r o l y s i s  c e l l s  t o  
the  theo re t i ca l  energy requirements as a function of c e l l  operating temperature. 

The energy t h a t  must be supplied t o  t h e  c e l l  t o  cause the  reac t ion  H 2  ( l i qu id )  + H2 

Figure 1, 

(gas) + 1/202 (gas) t o  proceed is  the  enthalpy of formation of water, AH(L), and i s  equal 
t o  68.32 kcal/mole a t  25°C and 1 atmosphere. However, only the  f r e e  energy of t h i s  reac- 
t i on ,  AF(fi), equal t o  56.69 kcal/mole, has t o  be supplied t o  the  e lec t rodes  as e l e c t r i c a l  
energy. Tne remainder i s  required as  hea t ,  and t h i s  can theo re t i ca l ly  be provided a s  
thermal energy from the  surroundings, o r  from e l e c t r i c a l  l o s ses  wi th in  t h e  c e l l .  

The theo re t i ca l  r eve r s ib l e  vol tage  (defined by the  f r e e  energy change) decreases with 
temperature, while the  "thermoneutral" voltage (defined by the  enthalpy change) increases 
s l i g h t l y  with increasing temperature. 
temperatures due t o  changes i n  the  conductivity of t he  e l ec t ro ly t e  and i n  the  a c t i v i t y  of 
the e lec t rodes .  

The a c t u a l  performance is  improved a t  elevated 

Efficiency of water e l e c t r o l y s i s  may be  defined as the  energy s tored  as  chemical 
energy i n  the  hydrogen (AH) divided by the  e l e c t r i c a l  energy required t o  produce hydrogen. 
Throughout t h i s  repor t  t he  LHV is  used fo r  AH, s i nce  i n  most end uses the  l a t e n t  heat i s  
not productive. Commercially ava i l ab le  e l e c t r o l y s i s  p l an t s  operate a t  e l e c t r i c a l  e f f i c i en -  
c i e s  between 57% and 72%. The b e s t  demonstrated e f f i c i ency  f o r  advanced e l e c t r o l y s i s  c e l l s  
is approximately 80%. Note t h a t  once the  c e l l  performance reaches the  "AH" l i n e  on Fig. 1, 
operation below t h i s  vo l tage  is theo re t i ca l ly  poss ib l e  and represents  an apparent e f f i -  
ciency g rea t e r  than 100% i f  only t h e  e l e c t r i c a l  input i s  considered. As s t a t e d  e a r l i e r ,  
operation within the  bounds of the  AH and AF l i n e s  of Fig. 1 is  qu i t e  poss ib le ,  r e s u l t s  i n  
an "endothermic" c e l l ,  and thus requi res  the  input  of thermal energy a t  t he  c e l l ' s  operat-  
ing temperature. 

The economic f ac to r s  involved i n  the  e l e c t r o l y t i c  production of Hp a r e  i l l u s t r a t e d  i n  
Fig. 2 and show the  s t rong  inf luence  of the  cos t  of t h e  e l e c t r i c i t y  used. The improvements 
i n  the  c e l l  e f f ic iency  t h a t  appear achievable,  toge ther  with p a r t i a l  c r e d i t  f o r  the  by- 
products, oxygen and deuterium, could allow a f a c t o r  of two decrease i n  the  production cos t .  

With such an e l ec t r i c i ty - in t ens ive  process as e l e c t r o l y s i s ,  considerable leverage 
e x i s t s  i n  decreasing the  amount of power required per un i t  of production o r  i n  decreasing 
the  cos t  of the power. Low-cost power a s  may be ava i l ab le  from some few remaining remote 
hydroe lec t r ic  s i t e s  would seem t o  be i d e a l  f o r  t h i s  use. A l s o ,  t he  use of off-peak power, 
pa r t i cu la r ly  from a fu ture ,  e s s e n t i a l l y  a l l -nuc lear  system, would be an a t t r a c t i v e  power 
source. 
swings (var iab le  c e l l  cur ren t  density) and can make use of the  power when i t  is ava i l ab le  
or shed i t  when the  e l e c t r i c a l  system requi res  i t . ( 2 , 3 )  This l a t t e r  c h a r a c t e r i s t i c  could 
e l imina te  the  need f o r  a separa te  low use f a c t o r  system f o r  generating power t o  meet the  
peak demands. 
In te rmi t ten t  energy sources,  such as s o l a r ,  winds, t i d e s ,  etc. 

The advanced c e l l s  seem t o  be readi ly  adaptable t o  opera t ing  with l a r g e  power 

This c h a r a c t e r i s t i c  a l s o  allows e l e c t r o l y s i s  p l an t s  t o  be  coupled with 

-tal P r o c e w  

E lec t ro lys i s  of water s u f f e r s  from inherent thermodynamic l imi t a t ions  on the  e f f i -  
ciency of i n i t i a l  conversion of thermal t o  e l e c t r i c a l  energy (cur ren t ly  %30-40%) i n  addi- 
t i on  t o  an expected maximum rea l i zab le  e l e c t r o l y t i c  e f f i c i ency  of about 80-90%. The 
large-scale needs f o r  f u e l  therefore  j u s t i f y  attempts t o  f ind  processes t h a t  may exceed 
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I 
t h e  25-35% ove ra l l  thermal e f f i c i ency  of e l e c t r o l y s i s  f o r  hydrogen production. 
development of high-temperature nuclear f i s s i o n  reac tors  (and the  po ten t i a l  development of 
fus ion  reac tors ) ,  two conceivable processes f o r  t he  production of hydrogen from water are: 
(1) thermochemical and (2) r ad io ly t i c .  Solar o r  geothermal energy a l s o  a r e  p o t e n t i a l  
a l t e r n a t i v e  hea t  sources f o r  the  thermochemical route.  It should be recognized, however, 
t h a t  these high-temperature hea t  sources a re  a l s o  capable of more e f f i c i e n t  conversion of 
hea t  t o  e l e c t r i c i t y  so t he  u l t imate  ove ra l l  e l e c t r o l y t i c  e f f i c i ency  might approach 50%. 
Further,  e f f i c i ency  must be tempered with economics, r e l i a b i l i t y ,  s a fe ty ,  e t c .  t o  make 
meaningful comparisons between processes. 

With the  

Various thermochemical hydrogen production routes  have been inves t iga ted  from the  
d i r e c t  (high-temperature) d i s soc ia t ion  of water t o  four- and five-step chemical r eac t ion  
sequences, but none have been developed t o  the  poin t  of commercial u t i l i z a t i o n .  
s e t  of reac t ions  involving the  reverse  Deacon reac t ion  followed by th ree  sequent ia l  reac- 
t i o n s  of various vanadium chlor ides ,  thermal e f f i c i e n c i e s  of 6 t o  18% were computed(4) 
af ter  allowing f o r  a l l  process energy requirements and losses. 
been claimed by o ther  i nves t iga to r s  using d i f f e r e n t  reac t ion  sequences. (5) 

I n  one 

Higher e f f i c i e n c i e s  have 

Biological and Other Processes 

Biological processes have been in use f o r  the  production of syn the t i c  fue l s  i n  a 
l imi ted  manner f o r  many years.  Primary examples a r e  the  generation of methane from sewage 
and fermentation of gra ins  and sugars t o  produce alcohol.  
are dependent on t he  d i f fuse  s o l a r  energy input  or t he  r e l a t i v e l y  slow processes of bac- 
t e r i a l  ac t ion  and therefore  may be d i f f i c u l t  t o  scale up economically t o  the  very la rge  
s i z e s  required t o  meet a s i g n i f i c a n t  share  of t he  fu tu re  demand f o r  fue l s .  A system €or  
producing hydrogen v i a  an in t e r rup ted  photosynthesis process has been proposed and is  
cur ren t ly  being inves t iga ted .  Based on preliminary es t imates ,  a 500-tons-per-day hydro- 
gen p lan t  would requi re  the  s o l a r  input  co l lec ted  over an a rea  of 2 2  square miles.  

I n  most cases,  such systems 

A number of o ther  production p o s s i b i l i t i e s  were recognized, e.g. ,  mult i s tep  chemical 
reac t ion  followed by e l e c t r o l y s i s ,  combined water e l e c t r o l y s i s  with coa l  gas i f i ca t ion ,  
using by-product oxygen, and r a d i o l y t i c  decomposition of water. In su f f i c i en t  ex i s t ing  
da ta  were ava i lab le  t o  make comprehensive analyses of these  processes.  

The technologies and cos ts  f o r  the  production of o ther  syn the t i c  f u e l s ,  s p e c i f i c a l l y  
NH3, CH3OH, and N2H4,  were shown t o  be wel l  developed commercial processes.  The long- 
range po ten t i a l  problem of a source of carbon (as CO o r  Cog) f o r  methanol synthes is  was 
believed t o  be ava i l ab le  from the  atmosphere, l imestone, seawater o r  combustion of waste 
organic matter. 

Waste Processes 

Obtaining fue ls  from urban and a g r i c u l t u r a l  wastes was b r i e f l y  examined. Of the  
3 x l o9  tons of s o l i d  organic wastes generated year ly  i n  t h e  U.S., about two-thirds a r e  
manure and over 80% a r e  of a g r i c u l t u r a l  o r ig in .  
a r e  about 0.4 x lo9 tons,  half  of which a re  cu r ren t ly  co l l ec t ed  f o r  d i sposa l  by municipal 
agencies. (6) 

Tota l  municipal and i n d u s t r i a l  wastes 

A study prepared f o r  t he  U.S. Department of t h e  I n t e r i o r ' s  Bureau of Mines (BuMnes) (7 )  
i nd ica t e s  t h a t  more than half  t he  t o t a l  weight of these  wastes i s  ac tua l ly  water. 
1971, the t o t a l  amount of dry,  ash-free organic waste produced in t h i s  country w a s  only 
880 mill ion tons with about 136 mi l l i on  tons of dry organic wastes being readi ly  co l l ec t -  
ab le  f o r  conversion. This amount would have produced 170 mi l l ion  ba r re l s  of o i l  - 
roughly 3% of 1971 consumption of crude o i l  o r  1 2 %  of imported crude. Al te rna t ive ly ,  
t h i s  amount of waste could have produced 1.36 t r i l l i o n  scf  of methane, about 6% of 1971 
consumption of na tu ra l  gas. 
40% of our na tu ra l  gas use could come from t h i s  source. 

In 

I f  a l l  the  wastes could be co l l ec t ed  f o r  t h i s  purpose, near ly  
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wastes is t he  c l ean l ines s  of t h e  f u e l s ,  i .e.,  t he  s u i t a b i l i t y  of the  fue l s  t o  unres t r ic ted  
use as  p ipe l ine  gas  and t h e  economic co l l ec t ion  and s torage  of d i f f u s e  wastes sources, 
pa r t i cu la r ly  a g r i c u l t u r a l  wastes. 

Among the  problem a reas  which must be  considered i n  developing syn the t i c  fue ls  from 

Agr icu l tura l  Processes 

Related t o  the  use  o f  waste processing is t he  production of f u e l s  v i a  in tens ive  agri-  
cu l ture .  
g ra ins ,  sugars,  o r  s t a r ches ,  methanol from waste products,  and wood from tree farms. The 
crop processing technology seems t o  be we l l  developed, bu t  t h e  ove ra l l  economics have been 
unfavorable due to  the  low c o s t  of competing f o s s i l  fue l s .  The appl ica t ion  of in tens ive  
a g r i c u l t u r a l  methods ( i . e . ,  use of optimized nu t r i en t s ,  soil moisture l eve l s ,  e t c . ,  coupled 
with a mul t ip le  crop c l ima te ) ,  and the  r i s i n g  p r i c e  of f o s s i l  fue l s  work toward making t h i s  
scheme p ro f i t ab le .  
n i f i c a n t  f r ac t ion  of OUT f u e l  requirements seem t o  preclude the  use of t h i s  concept t o  
areas of very spec ia l ized  app l i ca t ion ,  e.g. ,  ethanol a s  a replacement f o r  t e t r ae thy l  lead 
(10% i n  gasoline) .* 

The f u e l s  t h a t  may be produced i n  t h i s  manner a r e  ethanol from fermentation of 

However, the  r e l a t i v e l y  l a rge  amounts of land required t o  produce a sig- 

The use of wood obtained from a tree farm has been proposed“) as a f u e l  fo r  a conven- 
Preliminary computations ind ica t e  t h a t  an Intensively t i o n a l  steam-electric power s t a t i o n .  

farmed a rea  of 400-600 sq mi would be required t o  continuously supply a lOOO-MW(e) power 
s t a t i o n  with wood f u e l .  

proposed.(gk Here the  f u e l  could be methane, bu t  again the  l a rge  land areas  required sug- 
ges t  t h a t  such a , sys tem is not l i k e l y  t o  meet a s i g n i f i c a n t  f r ac t ion  of OUT t o t a l  energy 
needs. 

Althou h not usual ly  considered ag r i cu l tu re ,  growing algae fo r  f u e l  has of ten  been 

USE OF COAL 

While the  emphasis of t h e  Synthe t ic  Fuels Panel was d i r ec t ed  toward nonfoss i l  sources 
of por tab le  fue l s ,  some e f f o r t  w a s  devoted t o  t h e  use of coa l  and l i g n i t e  f o r  the produc- 
t i on  of hydrogen and methanol. 
produce more conventional hydrocarbon f u e l s  from coa l  which could be  used f o r  a comparative 
ana lys i s .  

Many o the r  s tud ie s  and demonstrations a r e  i n  progress t o  

( 10) The U.S. has been estimated t o  have had 3.21 x 10” tons of coa l  at  the  end of 1969 
OK the equivalent of 64.4 x 10l8 Btu of energy. 
be recoverable; however, t h e  U.S. t o t a l  consumption of nonnuclear energy i n  2000 has been 
estimated t o  be about 131 x 1015 Btu. 
one-half of t he  energy i n  the  coa l  could be delivered t o  end uses i n  the  form of hydrogen 
and methanol. Thus, even i f  nonnuclear energy were t o  be provided by hydrogen and 
methanol, coa l  could be t h e  source of these  two syn the t i c  fue l s  f o r  120 years a t  the year 
2000 consumption r a t e .  

Only one-half of t h i s  coa l  is believed t o  

A rough conservative assumption can be made t h a t  

Two methods f o r  producing hydrogen from coal  were reviewed: steam-oxygen (Synthane) 
These processes give s imi la r  production cos t s ;  those f o r  the  C02-acceptor and COz-acceptor. 

process a re  shown i n  Fig. 3 a s  a func t ion  of the  cos t  of the  raw mater ia l .  While these 
processes a p p e a r  t o  b e  commercially v i ab le ,  they have no t  been used i n m t h e  U.S. due t o  the  
r e l a t i v e l y  lower cos t  of hydrogen ava i l ab le  from na tu ra l  gas and various petroleum frac- 
t ions .  
a s impl i f ied  flow shee t  s ince  no methanation s t e p  is required.  

In comparison t o  the  production of methane from coal ,  hydrogen appears to  o f f e r  

Methanol has been produced from coa l  i n  some p a r t s  of the  world but  not i n  the U.S. 
A two-step ana lys i s  of t h e  manufacturing cos ts  of (1) c o a l  gas i f i ca t ion  and synthesis gas 
( H p ,  CO) pur i f i ca t ion  and (2) methanol synthes is  is summarized in Table 3. The cost  of 

*This requi res  8.8 x l o9  g a l  of alcohol/yr OK 3.3 x l o 9  bushels of grain O K  about 
40 x lo6  acres  of land. 
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Table 3 .  Economics of synthes is  o f  20,000 tons/day 
of methanol (MeOH) from coal  

cos t  

Item Unit Units $ /uni t  $/day d lga l  

Synthesis gas manufacture 
(Capi ta l  f o r  p l an t :  $260 x l o 6 )  

Coala Ton 26,000 

Chemicals 

Process water  l o 3  g a l  6,250 

Cooling water  l o 3  ga l  346,000 

Operating l abor  Kan-hr 960 

Supervision 

Maintenance 

Overhead 

P recap i t a l  manufacturing cos t  

Capi ta l  charges at 15%/year 

Total  c o s t  

7.00 182,000 

1,000 

0.02 6,920 

0.20 1,250 

4.00 3,840 

380 

35,600 
4,220 

235,110 

106.800 

3.02 

0.02 

0.02 

0.11 

0.06 

0.01 

0.59 
0.07 

3.90 

1.77 

- 
- 

341,910 5.67 (99&/106 Btu) 

Methanol synthes is  from provided Syngas 
(Capi ta l  f o r  p l an t :  $135 x lo6) 

Steam 

Fuel 

E l e c t r i c i t y  

Cooling w a t P r  

chemicals 

OW l abor  a r d  
supervision 

Overhead 

Catalyst  and 

l o 3  l b  38,200 0.65 24,800 0.41 

l o 6  Btu 21,600 Ob 

kWhr 100,000 0.01 1,000 0.02 

103 gal 5b0,000 0.02 10,800 0.18 

15,000 0.25 

50,000 0.83 

14,000 0.23 
Precap i t a l  manufacturing cos t  115,600 1.92 

Capi ta l  charges at 15$/year 55,400 0.92 
Subto ta l  171,000 2,84 

To ta l  C J S t  512,910 8.51 (148&/106 Btu) 

J 

‘Combined raw l r a t e r i a i  and fuel. 

bPurge gas frcm s:rrthesis gas B l e a t .  



11 
producing the  synthes is  gas is seen t o  be  t h e  dominant cos t  and t h i s ,  i n  tu rn ,  is la rge ly  
dependent on the  cos t  of coa l ,  
decrease t o  6 . 4 ~ / l b  ($110/106 Btu). 
Table 4. 

I f  l i g n i t e  a t  $2/ton were used, t he  t o t a l  cos t  would 
The cos t s  of the  various f u e l s  are summarized i n  

\ 

I 
. ,  

7 

t '  

STORAGE AND TRANSPORTATION OF SYNTHETIC mTELS 

The technology and p r a c t i c e  of s to rage  and t r anspor t a t ion  of most of t he  f u e l s  con- 
s idered  i n  t h i s  paper have been extensively developed and demonstrated on a s ign i f i can t  
sca le .  
d i t i ons  t h a t  would s imula te  a f u e l  gas production and d i s t r i b u t i o n  system. 
ever,  no ex i s t ing  hydrogen transmission o r  d i s t r i b u t i o n  systems i n  which booster compressors 
are u t i l i zed .  
and d i s t r ibu ted  i n  support  of t h e  space program. 
reached a sca l e  of d i s t r i b u t i o n  i n  which l a rge  i n t e r s t a t e  p ipe l ines  are now operating i n  
addi t ion  t o  t h e  extensive barge, rail ,  and t ruck  systems t h a t  have been b u i l t  t o  achieve 
economical d i s t r ibu t ion .  
l a rge  s torage  complexes have a l s o  been developed. 
petrochemical, and d i s t r i b u t i o n  by a l l  means has been f u l l y  developed. 

Hydrogen gas i s  being produced and d i s t r i b u t e d  i n  and among r e f i n e r i e s  under con- 
There a re ,  how- 

Liquid hydrogen equivalent t o  over 100 b i l l i o n  cu f t  (STP) has been produced 
'Production of a m n i a  fo r  f e r t i l i z e r  has  

Because of t h e  seasonal  na tu re  of a g i r c u l t u r a l  chemicals supply, 
Methanol has long been a bas i c  tonnage 

Storage of Fuels 

The estimated investment f o r  s t o r i n g  energy i n  the  form of a syn the t i c  f u e l  i s  i l l u s -  
t r a t ed  i n  Fig. 4. 
competitive f o r  t he  f u l l  range of s to rage  capacity.  
low s p e c i f i c  volume of t he  gas and high cos t  of t he  pressure  vesse l .  The adaptation of 
gaseous s torage  might be  enhanced by using t h e  transmission l i n e  as an inventory device 
( l i n e  packing) - e.g., a pressure  change from 750 t o  1000 p s i a  i n  300 miles of 3 f t  d i a  
pipe can s t o r e  the  equivalent of 5.2 x lo4  mi l l i on  Btu. 
s torage  tank containing 2 x l o6  Btu, t he  approximate s i z e  of. an average automobile f u e l  
tank, a r e  given i n  Fig. 4. A tank of l i q u i d  (cryogenic) hydrogen would be t w i c e  as  heavy, 
seven times g rea t e r  i n  volume, and of much h igher  cos t  than an equivalent tank of gasoline.  

The s torage  of gaseous hydrogen i n  pressure  ves se l s  appears t o  be non- 
This is  due t o  t h e  combination of 

The volume and weight of a f u e l  

It should be recognized t h a t  t he  s torage  cos t s  shown a r e  based on present technology 
and production techniques. With fu r the r  development and use of mass production systems 
i t  is expected t h a t  t he  values shown f o r  t he  unconventional types should decrease by as 
much as  a fac tor  of two. 

The cos t  of a compression and/or l i que fac t ion  system should be  added t o  the  cos t  of 
s torage  i n  assess ing  the  u t i l i t y  of hydrogen energy s y s t e m .  
compression might t yp ica l ly  be 15  t o  SO$ p e r  l o6  Btu (.8 t o  2.6C/lb) f o r  a wide range of 
de l ivery  pressures and equipment u t i l i z a t i o n  f ac to r s .  The cos t  of hydrogen l iquefac t ion  
might t yp ica l ly  be  $1  t o  $2 per lo6  Btu (5.2 t o  10.4c/lb) f o r  a wide range of system 
capac i t i e s  and u t i l i z a t i o n  fac tors .  
kWhr/lb H p .  These cos t s  a r e  usua l ly  more s i g n i f i c a n t  than tankage c o s t s  and must be  con- 
s idered  i n  the  design and evaluation of l i q u i d  Hp s torage  systems. 

The cos t  of hydrogen gas 

The e l e c t r i c a l  power requirement alone is about 5 

Evaporation lo s ses  from l a rge  LHp tanks (%IO6 ga l )  a r e  typ ica l ly  O.O3%/day while small 
mobile tanks may be from 1 t o  10%/day. 
cos t s  and s torage  lo s ses  is the use of hydrides o r  compounds of hydrogen. 
s torage  systems have been inves t iga ted  and i n d i c a t e  t h a t  a l a rge  number of binary and 
t e r t i a r y  metal systems a r e  ava i l ab le  f o r  t h i s  use. 
Ni(l1) w i l l  r e l ease  Hp a t  1 a t m  a t  temperatures of from 440'F t o  540°F. 
metallic compounds of t h e  composition AB5,(12) where A is a rare-ear th  metal and B is 
n icke l  o r  cobal t ,  a r e  reported t o  absorb and desorb l a rge  quan t i t i e s  of hydrogen a t  near 
room temperature. 
to  y i e ld  H2. The hydrogen dens i ty  i n  these compounds i s  from 1 .5  t o  2.0 t i m e s  t ha t  of 
l i q u i d  hydrogen. 
heat of d i ssoc ia t ion  must be supplied,  although i n  some appl ica t ions  waste hea t  may be 
u t i l i z e d  fo r  t h i s  purpose. 

A p o s s i b i l i t y  f o r  circumventing some of the above 
Several  hydride 

Magnesium and a l l o y s  of Mg and Cu o r  
Also some in t e r -  

Some compounds such a s  ammonia and hydrazine can be  readi ly  decomposed 

S t i l l  lower e f f e c t i v e  hea t ing  values would, however, r e s u l t  s ince  the 
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Fuels Transportation 

The cos t s  of t ranspor t ing  var ious  forms of energy i n  a near-urban environment are 
sunnnarized i n  Table 5. An avera e cross-count 

be  2.6 times t h i s  cos t  s i n c e  compressor s i z e  and horsepower muet be considerably increased 
and a more expensive f u e l  (hydrogen) used t o  power the  compressors. By increas ing  t h e  
p ipe l ine  opera t ing  pressure  from t h e  "usual" 750 p s i a  t o  2000 ps i a ,  t h i s  f a c t o r  could b e  
reduced t o  about 1.5. 
less than f o r  n a t u r a l  gas so t h a t  t h e  t o t a l  cos t s  of de l ivery  may be near ly  equal. 

cos t  f o r  n a t u r a l  gas transmission today 
is reported t o  be  1.5 t o  1 . 7 ~ / 1 0  f Btu per  100 :les.(13) Hydrogen transmission cos t  would 

Fur ther ,  t h e  average p ipe l ine  d is tance  f o r  hydrogen is l i k e l y  t o  be 

The advantage i n  p ipe l in lng  f u e l s  i s  the  a b i l i t y  t o  sca l e  t h i s  type of system up t o  
very l a r g e  capac i t i e s  wi th  t h e  r e s u l t a n t  e f f e c t  of t h e  economy of scale being t o  lower unit-  
energy t r a n s f e r  cos t .  The use of p ipe l ine  t ranspor t  of thermal energy w i l l  t he re fo re  be  
super ior  f o r  the  transmission of energy over long d is tances  and/or transmission of very 
l a r g e  blocks of energy. 
q u i t e  high because of i ts  low s p e c i f i c  hea t  content,  although the  low molecular weight com- 
pensates considerably,  r e s u l t i n g  i n  s imi l a r  system performance. 
t ransmi t t ing  hydrogen over methane is the  increased cos t  of recompression which amounts t o  
a r e l a t i v e l y  small f r ac t ion  of t h e  cos t  of a transmission system i n  a near-urban environ- 
ment. This penalty may be  o f f s e t  by t h e  po ten t i a l  e f f i c i ency  gain of hydrogen energy con- 
version devices and the r e s u l t a n t  flow decreases i n  t h e  hydrogen energy transmission system. 
An a rea  of concern i n  the  transmission of hydrogen, however, is i n  the  admission of t h i s  
gas i n t o  o lder  ex i s t ing  mains s i n c e  the  leakage coe f f i c i en t  is th ree  t o  s i x  times t h a t  of 
methane. Techniques of s ea l ing  o l d e r  n a t u r a l  gas systems would therefore  have t o  be devel- 
oped t o  avoid t h e i r  t o t a l  replacement i n  t r a n s i t i o n  t o  use by hydrogen. 

Rela t ive  t o  n a t u r a l  gas, t he  volumetric flow of hydrogen must be 

The primary penalty i n  

USE OF SYNTHETIC FUELS 

End uses f o r  hydrogen and o t h e r  syn the t i c  fue ls  were examined f o r  the  major energy 
use sec tors .  i.e.. i n d u s t r i a l ,  urban, t r anspor t a t ion  and e l e c t r i c i t y  generation. 

I n d u s t r i a l  

I n d u s t r i a l  uses fo r  H 2  a r e  mainly as a chemical as i n  ammonia production and i n  petro- 
leum ref in ing .  I ron  ore reduct ion  could po ten t i a l ly  requi re  l a r g e  amounts of hydrogen as 
w i l l  most coa l  processing schemes. 
t o  be unlimited. Further,  i f  a dua l  pipe (hydrogen and oxygen) system were ava i l ab le ,  or 
a s  d i c t a t ed  by economic t r adeof f s ,  with oxygen from an a i r  l i que fac t ion  p lan t ,  process steam 
could be produced d i r ec t ly .  With t h i s  arrangement, a simple pipe-combustor-attemporator 
( a s  a closed system) would be  subs t i t u t ed  f o r  t he  cu r ren t  massive water tube steam generators.  

uses - i n  f ac t ,  is already (as "methyl-fuel")(14) being evaluated as  a b o i l e r  fue l .  
of i ts t o x i c i t y  and poor combustion p rope r t i e s ,  ammonia would be  less s u i t a b l e  f o r  t h i s  
use. 
be an a t t r a c t i v e  fue l .  

Its use as an i n d u s t r i a l  f u e l  appears,  t echnica l ly ,  

Of t h e  o the r  syn the t i c  f u e l s  methanol appears t h e  easiest t o  adapt t o  i n d u s t r i a l  f u e l  
Because 

It may, however, b e  r ead i ly  d issoc ia ted  t o  H2 and Np which f o r  many appl ica t ions  would 

Urban - 
Although some system rev i s ions  would b e  required,  hydrogen appears t o  be  subs t i t u t -  

ab le  f o r  any n a t u r a l  gas use and, at  the  same time, with improvements i n  use ef f ic iency .  
Conversion t o  a hydrogen system should b e  poss ib le  wi th  only a minor amount of c a p i t a l  
expenditure. 
i ng  t o  meet leakage and increased  flow requirements, and gas burners would requi re  modifi- 
ca t ion .  
assoc ia ted  wi th  t h e  use of n a t u r a l  gas. 
i z e  the  pub l i c  with the use  of hydrogen. 

Although gas d i s t r i b u t i o n  systems already exist, they may requi re  some upgrad- 

Safe ty  problems assoc ia ted  wi th  t h e  use  of hydrogen are comparable with those 
An education program w i l l  b e  required t o  fami l ia r -  

i 
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As f o r  t h e  i n d u s t r i a l  s e c t o r ,  methanol could r ead i ly  f i n d  use as a r e s i d e n t i a l /  

commercial f u e l ,  but ammonia use would probably be more d i f f i c u l t .  

Transportation 

Hydrogen, with air from t h e  atmosphere or with oxygen supplied on board, o f f e r s  an 
impressive po ten t i a l  f o r  f u e l i n g  fu tu re  t r anspor t a t ion  systems. Due t o  hydrogen's high 
gravimetric hea t  of combustion, ' ~ 2  1 / 2  times g rea t e r  than conventional hydrocarbon f u e l s ,  
it is an  a t t r a c t i v e  f u e l  f o r  a i r c r a f t .  As a l iqu id ,  i ts low dens i ty  (%1/10 t h a t  of j e t  
fue l )  and low temperature (-423OF) do, however, present some design and operating prob- 
lems. Improvements i n  a i r  t r anspor t  e f f i c i ency  a r e  po ten t i a l ly  great.  e . g . ,  a recent 
ana lys i s  (1) of a hydrogen-fueled subsonic commercial t r anspor t  showed t h a t  a 30X decrease  
i n  takeoff weight is poss ib le .  
propulsion f u e l  could give a 45% increase  i n  payload a t  a Mach 3 c ru i se  condition. 
hypersonic a i r c r a f t  (>Mach 4) t h e  use of l i q u i d  hydrogen is probably mandatory due t o  its 
unique cooling capab i l i t i e s  and a t t r a c t i v e  chemical proper t ies ,  e .& ,  noncoking. 

With high-speed a i r c r a f t  s u b s t i t u t i n g  hydrogen fo r  jet 
For 

For ground t ranspor t  hydrogen appears t o  be s u b s t i t u t a b l e  f o r  ex i s t ing  f o s s i l  fue l s .  
but s i z a b l e  problems are evident  r e l a t i v e  t o  f u e l  tankage and l o g i s t i c s .  Large f l e e t -  
operated t rucks  o r  buses or high-speed t r a i n s  appear t o  be the  eas i e s t  to  adapt t o  hydro- 
gen f u e l .  The clean-burning c h a r a c t e r i s t i c s  of hydrogen o f f e r  an add i t iona l  op t ion  t o  
overcoming the  pol lu t ing  e f f e c t s  of i n t e r n a l  combustion engines. 

Hydrogen-oxygen f i r e d  steam cycle  power p l an t s  may be of spec ia l  i n t e r e s t  to nuclear- 
powered sh ips ,  to  provide l a r g e  amoun t s  of reserve  speed, f o r  example. For submersibles 
t h i s  power p l a n t ' s  completely condensible exhaust (water) o f f e r s  a number of system 
advantages. 

Of the  o ther  synthe t ic  f u e l s ,  methanol and ammonia show some' promise for  the ground 
t r anspor t  s e c t o r  with methanol t h e  more a t t r a c t i v e  fuel: Its main advantages a re  t h a t  i t  
shows promise as a long-term, high qua l i ty , .domest ica l ly  produced, por tab le  fue l ,  pa r t i c -  
u l a r ly  as a replacement f o r  gasoline.  Since i t  is bas i ca l ly  a high-octane, clean-burning 
f u e l  (without add i t ives ) ,  i t  can be  used i n  high-performance engines with apparently rel- 
a t i v e l y  simple exhaust treatment and thus compensate, i n  p a r t ,  €or its low heating value. 
Its cur ren t  r e l a t ive ly  higher c o s t ,  low hea t  of combustion and higher v o l a t i l i t y  appear 
t o  be the  primary obs tac les  t o  its widespread use today. 

E l e c t r i c i t y  Generation 

The use of nonfoss i l  s y n t h e t i c  fue l s  f o r  e l e c t r i c i t y  generation would seem t o  apply 
only i n  spec ia l  s i t ua t ions  such a s  t o  meet a r e l a t i v e l y  remote small requirement or as a 
p a r t  of an energy storage power peaking system. 

One poss ib i l i t y  is t ha t  e l e c t r i c i t y  w i l l  be generated near t he  load cen te r  from hydro- 
gen f u e l  or hydrogen-oxygen taken  from pipe l ines  a s  i t  is transmitted long d is tances  from 
remote production s i t e s .  
appear p l aus ib l e  for converting hydrogen energy i n t o  e l e c t r i c a l  form. 
turb ines ,  magnetohydrodynamic generators,  and f u e l  c e l l s .  

Both thermomechanical systems and nonthermomechanical systems 
Examples a r e  gas 

Hydrogen is expected t o  be a very favorable f u e l  f o r  gas turb ine  operation, permit- 
t i n g  increased turbine i n l e t  temperatures t o  be reached, provided tha t  t h e  exce l len t  cool- 
ing  v i r t u e s  of hydrogen can be  used t o  keep metal temperatures under control.  
hydrogen is used, precooling of i n l e t  air and/or compressor in te rcool ing  might be advan- 
tageous i n  increas ing  e f f i c i ency  and/or output. E f f i c i enc ie s  of 35% a r e  an t i c ipa t ed  fo r  
the  hydrogen-air turbines.  The hydrogen-oxygen turb ine  o f f e r s  the u l t imate  i n  cycle 
e f f i c i ency  and may exceed 60% wi th  seve ra l  generations of development. 
oxygen turb ine  a l so  prevents any air po l lu t ion  s ince  the  exhaust is pure water and may 
be condensed, i . e . ,  s i n c e  a i r  is not used in t he  combustion process,  no NOx can be formed. 

If cryogenic 

The hydrogen- 
J 
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e i t h e r  a i r  o r  oxygen t o  produce e l e c t r i c i t y .  

u r a l  gas. 
f o r  i t s  d i r e c t  use and would i n  the  process r e a l i z e  s i g n i f i c a n t  improvements i n  c e l l  e f f i -  
ciency and in lower opera t ing  cos t s .  
na tu ra l  gas and a i r  are 35 t o  40%. 
55% a r e  pro jec ted  and using hydrogen and oxygen a 60% e f f i c i ency  (AC power out/heat energy 
in) should be rea l ized .  Fuel c e l l s  fueled wi th  hydrogen should produce e l e c t r i c i t y  wi th  
only minimal air  po l lu t ion ,  s ince  the  main waste product is water vapor. Waste hea t  would 
be re jec ted  t o  a i r  and wi th  few moving parts (cooling fan and pump) t h e i r  operation is 
quie t ;  fu r the r ,  they exh ib i t  a c h a r a c t e r i s t i c  of maintaining high e f f i c i ency  a t  pa r t  load ,  
i . e . ,  down t o  ~ 2 5 %  of design load. 

Primarily i n  t h e  space program, hydrogen has found l imi ted  use i n  f u e l  cells  with 
Commercial f u e l  cells  are being developed 

With a p ipe l ine  source of hydrogen, t h i s  technology could be r ead i ly  adapted 
I-. "y 7Y-^cc I L ~ L C  & h%itney 8s p a i t  of clr- TADrET* -----I- yLy6.-'yL . , r 4 n n  air -6 hpdragen derived from na t -  

Ef f ic ienc ies  of t he  prototype u n i t s  using reformed 
Using hydrogen with l a r g e  un i t s ,  e f f i c i e n c i e s  up t o  

Fuel c e l l s  have a l so  been proposed f o r  supplying u t i l i t y  peak power needs using hydro- 
gen f u e l  (and oxygen) produced e l e c t r o l y t i c a l l y  during low demand periods.  
c ienc ies  ( e l e c t r i c i t y  i n / e l e c t r i c i t y  out) wi th  today's technologies w i l l  probably be under 
30%, but  with poss ib le  fu tu re  technologies the  e f f i c i ency  could approach 50%. A s  an 
a l t e rna t ive  t o  pumped hydro s to rage ,  i t  does o f f e r  a f l e x i b i l i t y  of l oca t ion  and a compact 
p l an t  which may become an important consideration f o r  peaking f a c i l i t i e s .  Other fue ls ,  
e.g., NH3, N2H4, CH3OH. have been used t o  a l imi ted  ex ten t  i n  f u e l  c e l l s ,  both d i r e c t l y  
and a f t e r  d i ssoc ia t ion .  

Overall  e f f i -  

SYSTEMS ANALYSIS 

The purpose of the  systems ana lys i s  e f fo r t (16 )  i n  t h i s  short-term study was t o  iden- 
t i f y  system concepts which would show the t y p i c a l  resource,  economic, and environmental 
impact of implementing hydrogen in  se lec ted  sec to r s  of the  energy system. The concepts 
evaluated are l i s t e d  below: 

1. The use of hydrogen, generated with ava i l ab le  off-peak e l e c t r i c i t y ,  as a clean 
f u e l  i n  t h e  t ranspor ta t ion  s e c t o r  (auto,  d i e s e l ,  o r  a i r c r a f t ) .  

2 .  
t i on  sec tor .  

3. 
v i a  hydrogen i n  p ipe l ines .  

The use of hydrogen produced from,coal,  as an a l t e r n a t e  c lean  f u e l  i n  the transporta- 

Energy t r anspor t  and d i s t r i b u t i o n  from remote c e n t r a l  s t a t i o n  sites t o  urban areas  

I t  w a s  estimated t h a t  t he  amount of ava i l ab le  off-peak power in t h e  year 2000 could 
s a t i s f y :  (a) 50% of the  automotive, (b) 50% of t h e  a i r c r a f t ,  o r  (c) a l l  of the  d i e s e l  
f u e l  requirements. In one case  where the off-peak fossil-generated power ( fo r  the  pro- 
duction of H p )  was s h i f t e d  t o  nuclear (par t  base load) ,  a decrease of over 20% in petro- 
leum imports was projected.  
t r a t ed  in Fig. 5 showing a decrease in chemical po l lu t an t s  with an inc rease  i n  rad ioac t ive  
wastes. 

The impact of t h i s  change on environmental f ac to r s  is i l l u s -  

Another systems ana lys i s  example computation shown i n  Fig. 6 compares the  cost  of 
de l iver ing  hydrogen f o r  r e s i d e n t i a l  energy needs t o  an a l l - e l e c t r i c  case.  
energy hydrogen is less expensive than e l e c t r i c i t y  due t o  lower transmission and d i s t r ibu -  
t i on  cos ts  as  wel l  as savings r e su l t i ng  from a b e t t e r  u t i l i z a t i o n  of the  primary energy 
p lan t .  I f  a l l  of t h e  hydrogen were converted back t o  e l e c t r i c i t y  i n  f u e l  cells, the  t o t a l  
cos t s  would exceed the  a l l - e l e c t r i c a l  case. I f ,  however, an energy mix of four pa r t s  
thermal t o  one p a r t  e l e c t r i c a l  were used t o  meet r e s i d e n t i a l  needs, hydrogen would become 
an a t t r a c t i v e  energy source. Also shown i n  t h i s  f i gu re  are the  estimated cos ts  fo r  pro- 
ducing hydrogen with off-peak nuclear power and from coal  a t  both $'l/ton and $17/ton. 

As thermal 

*Team t o  Advance Research for G a s  Energy Transformation. 
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CONCLUSIONS AND RECOMMENDATIONS 

The primary sectors of an energy system based on nonfossil synthetic fuels were 
The main overall conclusion examined on the basis of readily available information. 

reached was that these fuels can have a significant beneficial long-term impact on the 
energy problems facing the U.S. 
the following reasons: 

1. 

2. It may be substituted for nearly all fuel uses. 

3. It can be produced from domestic resources. 

4 .  It is available from a renewable and universal raw material -water. 

5 .  

Hydrogen is a particularly attractive synthetic fuel for 

It is essentially clean burning, the main combustion product being water. 

Nearly all primary energy sources. nuclear, solar, etc., may be used in its production. 

The main obstacles to its use as a universal fuel are its high cost relative to the 

Safety considerations, while important, 
current low prices for fossil fuels and, for some applications, the unresolved problems 
of handling a low density or a cryogenic fluid. 
are not believed to present a serious technical obstacle to its widespread use. 

The panel believed that most of these economic problems could be resolved by appro- 
priate RhD programs. 
those which could have a near-term, by 1985, impact on the nation's energy problems and 
those which would be of significant impact after this date. 
were identified are: 

1. Development and demonstration of methanol from coal as an automotive fuel. 

2. Development and demonstration of H2 as an energy storage medium for electric utili- 
ties use in supplying peak power demands. 

4. Development and demonstration of the production of gaseous and liquid fuels from 
urban and agricultural waste products. 

Assuming a reasonable funding level,* these programs are projected to require up to 

The recommended RhD programs were divided into two categories: 

The near-term tasks which 

a five-year research and development effort. The methanol task would establish the tech- 
nology and economics of both the production from coal and/or lignite as well as the end 
use in automobile engines. 
of petroleum, the successful implementation of this program could have a significant 
impact on the oil import and air pollution problems. 
have near-term viability and would likewise relieve the demand for natural gas and petroleum. 

The research and development program identified to achieve the longer-term impact is 

Since auto transportation represents the biggest single user 

Tasks 2 ,  3, and 4 also appear to 

as follows: 

1. 
ized ground vehicles. 

2. Hydrogen production investigations. 

3. 

4 .  Public safety studies. 

Use of hydrogen as a transportation fuel, particularly for aircraft and for special- 

Long-distance transmission and bulk storage of hydrogen. 

*The panel developed recommended RhD funding levels, but these are not yet available 
for publicat ion. 



,2 I 
5. Overall systems analyses.  

It is estimated t h a t  a five- t o  ten-year research and development program would be  
This required t o  e s t ab l i sh  the f e a s i b i l i t y  of using hydrogen a s  a t r anspor t a t ion  fue l .  

program would give p a r t i c u l a r  emphasis t o  f u e l  tankage and l o g i s t i c s  and t h e i r  i n t e r r e l a -  
t ionships  t o  engine and frame considerations.  

Hydrogen production inves t iga t ions  t o  improve the  water e l e c t r o l y s i s  process. a s  w e l l  
as t o  inves t iga t e  new methods such a s  thermochemical and b io log ica l ,  could involve a f ive -  
t o  ten-year program. 
system s tud ie s ,  design optimizations,  and component development, a r e  estimated t o  requi re  
a continuing e f f o r t  of a t  least f i v e  years.  

Long-distance transmission and bulk  s to rage  of hydrogen, including 

Publ ic  s a f e t y  and ove ra l l  system ana lys i s  a r e  envisaged as long-term, r e l a t i v e l y  low- 

It i s  expected 
l e v e l  e f f o r t s ,  but ones which a r e  e s s e n t i a l  t o  a smooth implementa<ion period as wel l  as 
t o  form t h e  base fo r  a w e l l  coordinated research  and development program. 
t h a t  most of t he  long-term tasks  w i l l  r equ i r e  concerted work w e l l  beyond the  i n i t i a l  feas i -  
b i l i t y  e f f o r t s  ou t l ined  above, bu t  w i l l  depend s t rongly  on the  r e s u l t s  obtained by the  
end of t h e  research and development period. 

In general ,  the  panel concluded t h a t  t h e  main obs tac le  t o  t h e  use of hydrogen a s  a 
universa l  f u e l  is an economic one, and t h a t  an extensive and long-range research and 
development program could do much t o  narrow t h e  gap between i t s  cos t  and the  c o s t  of f o s s i l  
fue l s .  
mental p ro tec t ion  requirements, should increase  a t  a higher r a t e  than t h e  cos t  of produc- 
ing the  syn the t i c  fue l s ,  and t h i s  w i l l  a l s o  cont r ibu te  t o  improving the  r e l a t i v e  economic 
pos i t i on  and shortening t h e  implementation period f o r  t h e  adoption of t h e  hydrogen-based 
economy. 

The cos t  of f o s s i l  fue l s ,  because of dec l in ing  resources and inc reas ing  environ- 

It is c l e a r  t h a t  our f o s s i l  fue l s  w i l l  u l t imate ly  be depleted and t h a t  r e l i ance  must 
then be placed on the  nonfoss i l  syn the t i c  fue l s .  
t r a n s i t i o n  from coal-based t o  nuclear- o r  solar-based f u e l  should begin is suggested as a 
c r i t i c a l l y  important top ic  f o r  a fu ture .  more de t a i l ed  study. 

When t h i s  w i l l  t ake  p lace  o r  when a 

\, 
I 
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APPENDIX 

The following members of t h e  study panel on nonfoss i l  syn the t i c  f u e l s  and f u e l  
c e l l s ,  together with o the r  cont r ibu tors  l i s t e d  below, were responsible f o r  t he  prep- 
a r a t i o n  of t h i s  r epor t ,  
t h e  Division of Reactor Development and Technology. 

The work w a s  sponsored by the  AEC under the  cognizance of 

PANEL ORGANIZATION 

Indiv idua l  Af f i l i a t ion"  Area o f  Responsibil i ty 

J. W. Michel ORNL Panel Leader 

F. J. Salzano BNL 

E. Hanunel LASL 

Systems Analysis 

Urban Uses of Hydrogen 

A. L. Austin LLL Hydrogen Use i n  Automobiles 
D. P. Gregory 

J. E. Johnson 

I n s t i t u e  of 
Gas Technology 

Linde Div. of 
Union Carbide 

Uses of Synthetic Fuels 

Fuel Storage and 
Transportation 

C. F. Williams Teledyne Isotopes E lec t ro lys i s  
W.J.D.  Escher Escher Technology Transportation and 

Associates E l e c t r i c  Generation 

J. Braunstein . om Thermochemical Production 

CONTRIBUTORS 

I W. Hausz 

G. G. Leeth 

C. Meyer 

W. J. Lueckel 

R. J. Dufour 

C. Marchetti  

G. M. Blouin 

K. C. Hoffman 

W. A. Sevian 

F. J. Edeskuty 

General Electric, 
TEMPO 

P r a t t  6 Whitney 

IGT 

EURATOM 

TVA 

BNL 

BNL 

LASL 

~~ ~ 

C. C.  B u w e l l  

I. Spiewak 

H .  E. Goeller 
T. S. Mackey 

J. M. Holmes 

G. D. Novelli  

S. S. K i r s l i s  

F. F. Blankenship 

0. L. Culberson 

i , 

I 

* 
ORNL - Oak Ridge National Laboratory 
BNL - Brookhaven National Laboratory 
LASL - Lo8 Alamos S c i e n t i f i c  Laboratory 
LLL - Lawrence Livermore Laboratory 

I 
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HYDROGEN GENERATION BY SOLID POLYMER ELECTROLYTE WATER ELECTROLYSIS 

J. H.  Russell, L. J. Nuttall and A. P. Fickett 

General Electric Company 
Direct Energy Conversion Programs 

Lynn, ,Massachusetts 01910 

INTRODUCTION 

A number of recent studies (1 - 11) have concluded that hydrogen is a most 
promising future means of energy storage and transmission, a s  fossil fuel supplies diminish 
and nuclear energy usage increases. These conclusions a r e  based on the premise that a 
reliable, efficient and cost-effective means of generating hydrogen from water will be avail- 
able. Electrolysis is presently the most practical generation method, and offers the great- 
es t  promise of meeting required capital and operating cost objectives without requiring a 
major technological break-through. The most common water electrolysis units in the past 
used a liquid caustic fpotassium hydroxide) electrolyte and were relatively inefficient and 
required frequent maintenance. During the past five years, however, the General Electric 
Company has developed a unique solid polymer electrolyte (SPE) water electrolysis techno- 
logy. The SPE system combines high efficiency with exceptionally long, rilaintenance free 
life (over three years of continuous operation have been accumulated to date on one of the 
early single-cell units). While this development was prompted primarily by requirements 
for  oxygen generation in aerospace and submarine life support systems, the design can 
readily be adapted and scaled to large-size hydrogen generation plants. 

It is the purpose of this paper to summarize the present and projected capa- 
bilities of the SPE water electrolysis technology, and to  consider the applicability of the 
SPE technology as a generator of hydrogen for use as a fuel, for  energy transmission, and 
for energy storage. 

In view of the considerable attention given the "future hydrogen economy", i t  
would seem important that a projection of the costs of the potential hydrogen applications in 
that economy be considered. This paper attempts to deal with such considerations in a 
manner that i s  not overly dependent upon indeterminate factors such as future energy costs, 
location of nuclear plants, etc. This has necessitated that the respective analyses be kept 
somewhat general and simplistic. 

SOLID POLYMER ELECTROLYTE TECHNOLOGY 

Details of the technical background describing the performance improvements, 
demonstrated operating lifetimes, and hardware developments related to this technology 
have been previously described (12). The following is a summary of this technology and its 
inherent characteristics. 

Solid Polymer Electrolyte 

The electrolyte used in the SPE electrolysis cell i s  a solid plastic sheet of '  
cation exchange membrane about 12 mils thick. This membrane when saturated with water 
i s  an excellent ionic conductor ( -< 15  ohm-cm resistivity) and is the only electrolyte re -  
quired. There a re  no free acid or alkaline liquids in the system. A typical cell is shown 
schematically in Figure 1. 
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The ion exchange membrane (SPE) is a perfluorinated sulfonic acid mem- 
brane which has all of the stability and performance requirements for a long-lived electroly- 
sis system. Chemically, the polymer approximates: 

\ 

r T 3  Y3 1 

Ionic conductivity is provided by the mobility of the hydrated hydrogen ions 
@I+. x H20). These ions move through the polymer sheet by passing from f S 0 3 f  to 
-(-SO?-)-. The sulfonic acid groups fSOg f a re  fixed and do not move, thus the concen- 
tration of the acid remains constant within the SPE. 

Water is supplied to the oxygen evolution electrode (anode) where it is electro- 
chemically decomposed to provide oxygen, hydrogen ions, and electrons. The hydrogen ions 
move to the hydrogen evolving electrode (cathode) by migrating through the SPE. 
trons pass through the external circuit to reach the hydrogen electrode. At the hydrogen 
electrode, the hydrogen ions and electrons recombine electrochemically to produce hydrogen 
gas. 

The elec- 

An excess of water is usually supplied to  the system and recirculated to re- 
move any waste heat. 

The gases are generated a t  a stoichiometric ratio of hydrogen and oxygen a t  
any pressure required of the system. The SPE can withstand large differential pressures 
( > 1000 psid) as well as high generating pressures which can easily be attained simply by 
back-pressuring the system. 

The use of the SPE results in the following advantages: 

a) The cell can operate with high differential pressures ( > 1000 psid) in 
addition to high gas generating pressures.  

b) The concentration of the electrolyte is fixed and the electrolyte is not 
mobile. 

c) There is no possibility of acid carry-over into the effluent gas. 

d) There are no corrosive electrolytes to control or leak in the system. 

e) The electrolyte is essentially invariant in operation. 

f )  The acid SPE electrolysis unit results in a minimum power requirement 
per unit of gas generated. 

Catalytic Electrodes 

An additional feature of the SPE water electrolysis cell is the simplicity of 
the catalytic electrodes. Since the electrolyte is a solid, the catalytic electrodes are not 
required to retain the electrolyte and may therefore be optimized for catalytic activity at 
minimum cost. Presently, a thin layer of platinum black (1 - 5 mg/cm2) is attached to the 
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SPE surface to form the hydrogen electrode and a similar layer of a proprietary alloy cata- 
l y s t  forms the oxygen electrode. The improvements in the oxygen electrode catalyst over 
the past five years have resulted in substantial reductions in the voltage requirements for a 
fixed hydrogen generation rate. These improvements a r e  shown in Figure 2. 

Stack and Hardware Design 

Figure 3 illustrates the basic components of a cell. The design uses a flat 
gasket concept for sealing the gas compartments and manifolding the feed water and genera- 
ted gases between cells. The active area of the membrane i s  supported by expanded screen- 
ing on each side. This screening forms the hydrogen and oxygen/water compartments and 
provides sufficient membrane support to allow operation a t  500 - 1000 psid across the mem- 
brane. Bipolar current collection i s  maintained between each cell by means of the screen 
layers contacting a 3 mil separator sheet. 

These cells a r e  in turn stacked between end plates as shown in Figure 4. 
The particular hardware shown in this figure has operated for more than 12,000 hours with 
no change in operating characteristics. 

Generally the metallic components within the cells are either titanium alloy 
or niobium to eliminate corrosion. Titanium alloy would be used almost exclusively for 
ground applications to take advantage of its lower cost. A s  can be seen, this particular de- 
sign concept can readily be scaled-up either in terms of the number of cells in a stack or 
the area of a cell. SPE fuel cell stacks of 78 cells have been made and tested for over 5000 
hours. Likewise, 1 x 2 ft fuel cells have been tested. One unit with approximately 1 x 0.5 
ft cells has operated for  more than 15,000 hours without problems. 

Present SPE Water Electrolysis Capability 

Status of the SPE water  electrolysis technology in 1972 - 1973 is best depicted 
in Figure 5, which shows the performance attained with "state-of-the-art" SPE electrolysis 
cells. The cell used to determine these curves has operated for 7000 hours to date with no 
change in i ts  performance capability. 

Based upon this technology, an electrolysis stack operating at 1000 ASF would 
require 22.2 KWH to produce a pound of hydrogen. Capital costs would be $3000/lb/hr of 
hydrogen capacity (equivalent to $167/KW capacity based upon the higher heating value of 
hydrogen). 

Projected SPE Water Electrolysis Capability 

Titterington et al (12) have examined the potential for further reductions in 
both energy requirements and the capital cost of producing hydrogen by SPE water electroly- 
sis. Figures 6 and 7 summarize these projections. 

The projections through 1985 a r e  straightforward extensions of the present 
SPE technology. Input energy reductions will be obtained through further anode improve- 
ments and the increase in operating temperature to 300°F. The SPE has been operated a t  
this temperature for 800 hours and has been shown to be stable at this temperature condi- 
tion. Capital cost reductions will be achieved by modest reductions in the quantity of noble 
metal required per cell and the use of lower cost hardware materials. For example, mater- 
ials a r e  presently available to achieve the capital costs projected for 1977. Since these 
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materials have not undergone extensive testing in the actual electrolysis environment for 
periods in excess of three years, they have not been used to calculate the 1973 capital cost 
basis. 

Beyond 1985, it has been assumed that an inorganic solid electrolyte, simi- 
lar to the zirconia technology (13 - 14) studied in some depth in the 1967 - 1968 time period, 
will become available. In the 1968 time period, the energy requirements and capital costs 
for  the zirconia technology were similar to those projected for the SPE in the 1980 - 1985 
time period. This technology was severely limited by the temperature of operation (1800°F) 
and resulting materials problems. It has been assumed that an oxide conductor operating 
in a temperature range below 1800°F and above that of the p aluminas (650°F) could be 
developed within the 1985 - 2000 time frame. c 

Thus the projections through 1985 are based on extensions of the present 
SPE technology through increased temperatures of operation and lower cost materials. In 
the 1985 - 2000 time period the development of a N l O O O O F  oxide conductor is assumed. 

APPLICATION OF WATER ELECTROLYSIS IN FUTURE POWER SYSTEMS 

In recent months, ever increasing attention is being given by industry, utili- 
ties and government agencies to  the search for alternative energy sources to  meet the energy 
crisis. The impetus behind this effort is the prospect that in the foreseeable future, if the 
energy demand increases at the anticipated rate, fuels such as natural gas, fuel oil and coal 
will either be depleted o r  prohibitively expensive. This concern is coupled with environ- 
mental regulations which prohibit the direct burning of high sulfur coal (which is reasonably 
plentiful) and restrict the amount of local thermal pollution resulting from close-by nuclear 
installations. The location of nuclear generating plants in remote locations, such as  off- 
shore islands or platforms, effectively attacks the thermal pollution concern but incurs the 
expense of transmitting power for long distances. 

\ 

As the severity and ramifications of the energy shortage become better de- 
fined, the utilization of hydrogen as a fuel and/or a means of transmitting or  storing energy 
comes into contention. Hydrogen as a fuel is clean and its product of combustion is pure 
water when reacted with either oxygen or as a hydrogen-rich air mixture. It also offers the 
highest specific energy density (Btu/lb) of any potential fuel. Piped hydrogen as a future 
means of transmitting large amounts of energy for relatively long distances offers the 
potential advantages of: 

a) Plentiful supply since the basic requirement is water. 

b) Compatibility with remote nuclear plants located off-shore where thermal 
environmental effects a r e  minimal. 

c) Lower cost, to the extent that the savings in transmission and distribution 
costs more than offset the cost of generating the hydrogen. 

d) Improved visual environment since hydrogen pipes are underground and 
can utilize existing natural gas networks, 

e) Flexibility, since hydrogen can be used directly in home and industry 
with minor modification to natural gas burning equipment, converted to  
electricity via gas turbines or fuel cells, or it can be liquified and 
distributed for automotive or aircraft use. 
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f)  Storage, either in gaseous or liquid form which allows: 1) utilization of 
power a t  the off -peak periods where desirable (nuclear or conventional 
fossil fuel plants); or 2)  utilization of cyclic or periodic electrical power 
sources (such as wind power systems, solar energy systems or tidal 
systems). 

In addition to the above advantages, the electrolysis of water produces oxygen 
as a byproduct along with the hydrogen. This "free" oxygen could potentially be utilized for  
sewage treatment, fresh water purification, or sold for industrial use. 

Many studies of the economics of various aspects of the hydrogen energy 
cycle compared to present and predicted fossil fuel cycles have been performed by utilities, 
industry and government agencies (1 - 8). Most studies conclude that based on present 
technology, energy in the form of hydrogen could be transmitted a t  less cost than electrical 
energy and by 1985, local re-conversion of hydrogen to electric power via combustion tur- 
bines would be competitive with underground transmission of electrical energy. 

All of the present studies assume electrolysis energy requirements in the 
area of 22 to 28 KWH/lb H2 and capital costs in the range of $785/1b H2/hr output capacity. 

Based on the projected performance and cost estimates discussed previously, 
we see energy requirements of 18 to 20 KWH/lb H2 in the 1985 - 1990 time period, dropping 
as low as 15 KWH/lb H2 by the year 2000. A capital cost of $785/1b Hg/hr capacity is rea- 
sonable for the 1985 time period with reduction t o  $250 - 350/lb H2/hr capacity by the year 
2000. 

Conceptual Hydrogen Utility System 

A conceptual hydrogen utility system is depicted in  Figure 8. Electricity is 
generated in a large-scale power plant located in a remote, unpopulated land area o r  an off- 
shore platform where environmental pollution effects a r e  minimized and a ready supply of 
water (either sea, r iver  o r  lake) is available. The power plant produces DC power directly 
(utilizing homopolar generators) for  use by the electrolysis plant located a t  or close by the 
power plant. This avoids the requirement of AC-DC conversion equipment. The waste heat 
from the nuclear plant is utilized to desalinize the water utilized in the electrolysis process. 

In the electrolysis plant the water is electrolyzed into hydrogen and oxygen. 
The hydrogen can be stored in sub-surface tanks, either under pressure or as liquid Ha, in 
sufficient quantity to compensate for  load fluctuations while allowing the power plant and 
electrolysis plants to operate at full capacity a t  all limes. The hydrogen, which can be gen- 
erated under pressure, is then transmitted through sub-surface pipe lines to local distribu- 
tion points where i t  can be 1) distributed and used directly as fuel by domestic and industrial 
customers, 2) re-converted to electricity via either gas turbine generators or fuel cells, or 
3) liquified and distributed in  the liquid form for automotive or  aircraft use. 

The attractiveness of such a system is based not only on the fact that hydro- 
gen is an alternative to the dwindling fossile fuel supply or  that i t  has important environment 
advantages, but that it is potentially less expensive to transmit large amounts of energy for 
long distances in the form of hydrogen than as electric energy and, since hydrogen can be 
stored, it offers the cost advantage of steady load operation. The following discusses each 
of these options in more detail. 

I 

c 
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Hydrogen as a Fuel 

Hydrogen as a fuel has several advantages over natural gas and other fossil 
fuels, such as: 

. Low pollution levels; hydrogen produces much less pollution than hydro- 
carbon fuels and can be used in combustion equipment with little, if any, 
modification, 

. High specific heat; the heat content of hydrogen is almost three times as 
great as gasoline on a weight basis. 

Based on the predicted energy requirements and capital equipment costs dis- 
cussed previously, the cost of hydrogen generated by SPE electrolysis can be expressed 
for the year 1985 as: 

CGF = 0.312 Co + 0.227 

where Co, the cost of electrical energy, is expressed in mils/KWH. 

$/ lo6 Btu 

For the year 2000, the cost of generated hydrogen drops to 

CGF = 0.250 Co + 0.090 $/lo6 Btu 

The above costs include the cost of desalinated water at a cost of 32 cents per 1000 gallons 
(9) or  about 0.006 $/ io6 Btu. 

The fixed cost factor represents the capital equipment cost of the electrolysis 
cells (exclusive of ancillary pump and control cost) depreciated at  15% per year (6 .67  years 
of continuous operation or 58,4000 hours). 

An approximate total cost including ancillary costs and pumping requirements 
can be obtained by adding 10% to CGF. This factor is small relative to the uncertainty re- 
garding future electrical energy costs and has, therefore, been excluded. 
credit has been taken for the potential cost offset of the oxygen which is a byproduct of the 
electrolysis process. 

Likewise, no 

Based on a DC electricity cost of 5 mils/KWH, the cost of SPE-generated 
hydrogen would be $1. 79/106 Btu by 1985 and $1.35/106 Btu by the year 2000. 

Figure 9 shows the predicted cost of SPE electrolytically generated hydrogen 
through the year 2000 with electrical energy costs of 5 and 10 mils/KWH. Shown also a r e  
typical costs of other gaseous fuels. It is apparent that during the 199O's, local electroly- 
tically produced hydrogen could be competitive with foreign natural gas transported to the 
United States via LNG tankers, natural gas transmitted from Alaska by pipeline or locally 
produced synthetic natural gas generated from either oil or naptha o r  the gasification of 
coal. 

The real cost of the hydrogen, of course, will be directly influenced by the 
cost of electrical energy. A deciding factor i n  the use of hydrogen will be the relative rates 
of electrical energy cost increase vs. fossil fuel cost increase. 
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Energy Transmission by Hydrogen Pipe Line 

Figure 10 i s  a model used for comparing the cost of energy transmission by 
piping hydrogen vs. both overhead and underground electric cabling. As in the model for 
hydrogen generation, electrical energy at cost Co mils/KWH is fed to a water electrolysis 
plant and desalinated water is fed to the plant a t  a cost of 32 cents per 1000 gallons or about 
0.02 mil/KWH. Again, for  the purposes of this analysis the oxygen is assumed dumped to 
the atmosphere and no credit is given for potential use of the oxygen such as water purifica- 
tion, sewage processing, etc. The hydrogen is transmitted through sub-surface pipe lines 
at 750 psi to distribution points at a cost of 3.5 cents/MBtu/100 miles or 0.12 mil/KW/100 
miles (7) assuming a compressor station every 65 miles. 

Based on this model, the cost of energy a t  the distribution point can be 
expressed as: 

CDF = 1.064 C 

CDF = 0.854 C 

+ 0.77 + 0.12 M in the year 1985, and 

+ 0.31 + 0.12 M in the year 2000 

where M is the distance in hundreds of miles between the electrolysis plant and the distribu- 
tion point. The fixed cost factor represents capital equipment cost depreciated a t  15% of 
the original capital per  year (6.67 years of continuous operation). 

Assuming the cost of DC electricity via homopolar generator i s  the same a s  
AC electricity, the above cost a t  the distribution point can be compared directly to  the cost 
of electrical transmission estimated at 21 cents/MBtu o r  0.714 mil/KWH/100 miles for 
overhead high voltage wires (10) and 5 mils/KWH/100 miles for underground wires (1). 

This comparison is sho& graphically in Figure 11 based on a cost for elec- 
tricity a t  the generating plant (C,) of 5 mils/KWH. This shows that in 1985, the transmis- 
sion of energy in the form of hydrogen would be competitive with overhead wires for  dis- 
tances greater than 190 miles and with underground wires for distances greater than 20 
miles. By the year 2000, hydrogen energy transmission will be less elipensive than electri- 
cal transmission regardless of transmission distance. 

For  that portion of hydrogen energy which must be re-converted for use as  
electrical energy, the cost and efficiency of the conversion equipment (combustion turbine/ 
generator o r  fuel cell/inverter) must be added to the hydrogen energy cost. Based on pre- 
dicted gas turbine/generator costs and efficiencies of 

1985 2000 - - 
$ / W o u t  $120/Kw $120/Kw 

55% 70% 7 

the cost of electrical energy at the distribution substation (CDE) can be expressed as 

CDE = 1.94 C 

CDE = 1.22 Co + 2.50 + 0.12 M by the year 2000. 

+ 3.78 + 0.12 M in 1985 and 
0 
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These relationships a r e  shown in Figure 12, again compared against overhead and under- 
ground electrical transmission and assuming a generation cost of 5 mils/KWH. This shows 
that even with the cost of re-conversion to electricity factored in, energy transmission by 
piped hydrogen will be less  expensive than by underground wires for distances of 175 miles 
or greater in 1985, and for distances of 75 miles o r  greater by the year 2000. 

The above analyses show that energy transmission by hydrogen pipe line 
could offer significant cost advantage over electrical energy transmission in the not too dis- 
tant future. It should also be recognized that a cost of generated electricity above the 5 
mils/KWH assumed would make hydrogen energy transmission less  attractive relative to 
electrical energy transmission. Thus the cost of future electrical energy remains the de- 
termining factor in the use of hydrogen for energy transmission. 

Energy Storage - In Hydrogen Energy Transmission 

One of the major advantages apparent in the use of hydrogen a s  a method of 
energy transmission is that it can be stored either as a gas or  cryogenically. This storage 
capability makes hydrogen generation advantageous in systems where either the energy load 
is cyclic or  periodic, or  the energy source is periodic. In the case where the load is cyclic, 
the utilization of stored hydrogen allows the power and electrolysis plants to operate at a 
constant level close to full capacity at all times, with load peaks being supplied from the 
storage tanks which are then recharged during off -peak hours. 

In the case where the energy source is periodic or  cyclic such as a solar 
energy system, some of the hydrogen generated during the "on" period can be stored to 
supply the "off" period load. 

Storage of hydrogen as a low pressure gas requires very large storage vol- 
umes (one lb of hydrogen requires 190 cu f t  a t  sea level ambient pressure or 17.5 cu f t  a t  
150 psi), but may be practical for limited storage. Such schemes as  large undersea bal- 
loons have been suggested (3). a s  have underground cap rock aquifers similar to those used 
for natural gas (7). 

However, by liquifying hydrogen the storage volumes are greatly reduced, to 
the point where large quantities of energy can be stored in very small dewars (at -423"F, 
one lb of hydrogen occupies only 0.225 cu ft). 

Liquid hydrogen dewars as large as 0.9 million gallons have been built a t  
costs of approximately $2 per gallon capacity (11). This is approximately a $55.40/106 Btu 
or 189 mils/KWH storage capacity. Large-size tanks have boil-off rates as low as  0.03 to 
0.05% per day. Boil-off, as such, has minimal effect on storage costs since any boil-off 
can be returned to the main supply and does not necessarily represent waste. The heat re- 
quired to reheat the liquid hydrogen for transmission as a gas would be readily available 
from the waste heat of the electrical generation plant. 

Assuming 1% of the annual output is stored, storage dewars amortized over 
35 years, and a liquification cost of $0.7O/MBtu stored, leads to an additional cost on 
delivered energy of $0. 023/106 Btu (or 0.08 mil/KWH). This small cost could be greatly 
overshadowed by the savings in capital equipment costs due to being able to s ize  the plant 
for nominal load rather than peak load. 
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Energy Storage - As Part of Existing Electrical Power System 

At the substation level, energy storage as hydrogen may be competitive as a 
means of utilizing off peak power to meet peak load demands. Consider the case where the 
typical daily load curve has: 1) an 8-hour off peak period from midnight to 8 AM where de- 
mand is below the nominal load level; and 2), an 8-hour peak load period in the afternoon 
and evening when the load level is higher than the nominal load level. Off peak electricity 
is available at a cost of Cop mils/KWH. 

A water electrolysis/storage/gas turbine or fuel cell-inverter system could 
utilize the off peak power to form hydrogen, store it in either gaseous o r  liquid form, and 
utilize it to generate electricity during the peak load period. 

Such a system, shown in Figure 13, would have an overall energy efficiency 
of about 52% in 1985 and around 82% by the year 2000. Capital costs are estimated at 
approximately 7.8 (1985) to 4.9 mils/KWH daily output (2000) if gaseous storage is used, 
with an additional 4.3 (1985) to 3.4 (2000) mils/KWH if cryogenically stored to allow for  
liquification. This method of storage would be attractive if the actual cost of off peak (COP) 
electricity a t  the substation is sufficiently less than the cost of peak load electricity (Cp). 
The relationships a r e  shown at the bottom of Figure 13. 

Future Applicability 

age, 
may 

It seems apparent, due to its cleanliness as a fuel, capacity for energy stor- 
ease of transmission and the availability of its raw material (water), that hydrogen 
become an extremely important element in tomorrow's utility power system. The de- 

gree to which it will find application largely depends on the degree to which water electroly- 
sis hardware costs can be reduced and efficiency increased, and on the future costs of 
electrical energy relative to fossil fuels. 

General Electric's water electrolysis technology holds the promise of both 
the low capital cost and high efficiency required for future power system application. 
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Figure 2. SPE Electrolysis Performance at 120°F and Ambient Pressure 
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Figure 4. Seven-Cell NASA/LRC Electrolysis Stack 
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Figure 9. Projected Cost of Hydrogen Production by SPE Electrolysis 
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Figure 10. Model of Hydrogen Pipe Line Energy Transmission 
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THERMOCHEMICAL SYSTEMS FOR HYDROGEN GENERATION. R. E. Hanneman and R. H. Wentorf,Jr. 
Corporate Research and Development, General E l e c t r i c  Company, P. 0. Box 8, 

Schenectady, New York 12301 
Closed-cycle thermochemical hydrogen product ion,  us ing  water and heat  as i n p u t  

ingred ien ts  and y i e l d i n g  hydrogen, oxygen and degraded heat as products, through mu1 ti- 
s tep  reac t ions  w i t h  cyc led  chemical intermediates w i l l  be t rea ted .  The approaches, 
c r i t e r i a  and l i m i t a t i o n s  f o r  i d e n t i f i c a t i o n  o f  p o t e n t i a l l y  v i a b l e  c losed-cycle methods 
o f  water s p l i t t i n g  w i l l  be described. Key fea tures  o f  a new closed-cycle process de- 
veloped i n  our l abo ra to ry  w i l l  be presented i n  terms o f  the  above fac to rs .  P rac t i ca l  
o v e r a l l  thermal e f f i c i e n c i e s  based on hydrogen combustion energy produced r e l a t i v e  t o  
endothermic nuclear heat suppl ied can range from l e s s  than 20 percent t o  more than 60 
percent wi th maximum i n p u t  temperatures o f  75OoC f o r  t h e  var ious systems analyzed i n  our  
study. L im i ta t i ons  due t o  corrosion, r e a c t i o n  k ine t i cs ,  system complexity, eco log ica l  
and economic fac to rs  w i l l  be b r i e f l y  ou t l ined .  Closed-cycle approaches w i l l  be compared 
t o  evo lv ing  open-cycle methods o f  hydrogen produc t ion  w i t h  a f o s s i l  f u e l ,  such as coal ,  
wherein water and heat a re  i n p u t  ingred ien ts  and hydrogen, COZ and degraded heat are the  
i dea l i zed  e x i t  products. 
mixed-cycle, photolysis,  and b i o l o g i c a l  means w i l l  be b r i e f l y  discussed. 

Other methods o f  hydrogen generat ion i nc lud ing  e l e c t r o l y s i s ,  
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NUCLEAR REACTORS FOR HIGH TEMPERATURE PROCESS HEAT:, 
A SURVEY OF REACTOR TYPES AND TEMPERATURE REGIEES 

Donald P. MacMillan and J. Douglas Balcomb 

Los Alamos S c i e n t i f i c  Laboratory 
Los Alamos, New Mexico 87544 

INTRODUCTION 

The annual energy consumption of t he  US i n  1970 was  about 72 x lo1' Btu, and of  
t h i s  about 20% was used t o  fu rn i sh  process hea t .  The term "Process Heat" i s  very 
commonly used i n  a narrow sense ,  r e f e r r i n g  t o  hea t  obtained from steam b o i l e r s  a t  
temperatures up t o  perhaps 23OOC. I n  t h e  following d iscuss ion ,  process  hea t  Will  
be taken t o  inc lude  h e a t  supplied f o r  process  purposes up t o  t h e  h ighes t  temperatures 
whirh marer3al ?m?er+ io=  w i l l  y x - 4 c  

The comparative economic a t t r a c t i v e n e s s  of nuc lea r  energy a s  a source of process  
h e a t  i s  l i k e l y  t o  be sub jec t  t o  s u b s t a n t i a l  a l t e r a t i o n  i n  coming yea r s  as t h e  balance 
of energy sources changes i n  response t o  c o s t  and a v a i l a b i l i t y .  Indeed, it is c l e a r  
from t h e  l a r g e  volume of l i t e r a t u r e  published t h a t  i n t e r e s t  i n  supplying process hea t  
from nuclear  sources  i s  in tense .  However, t h e  g r e a t  bu lk  of t h i s  i n t e r e s t  has t o  do 
wi th  low temperature h e a t  and i n  p a r t i c u l a r  w i thdesa l ina t ion ,  u sua l ly  combined i n  
some way,with e l e c t r i c  power production. 
s ide rab le  a t t e n t i o n  i s  t y p i f i e d  by t h e  Agro-Industrial  Complex suggested by workers 
a t  O m .  
chemical process ing ,  b u t  genera l ly  as e l e c t r i c i t y  and n o t  d i r e c t l y  as thermal energy 
from t h e  r eac to r .  

Another concept t h a t  has received con- 

I n  such a complex, t h e  nuclear r eac to r  is  used as a source  of energy f o r  

It is evident ,  e s p e c i a l l y  i n  t h e  l a s t  few years ,  t h a t  t h e r e  is growing i n t e r e s t  
i n  d i r e c t  use of h igh  temperature thermal energy from nuclear  r e a c t o r s  a s  a source 
of process  heat.  This  is espec ia l ly  t r u e  i n  Germany and Japan, and it  is t h e  opinion 
of some t h a t  w e  are a t  the threshold o f  economic f e a s i b i l i t y  of app l i ca t ions  of 
nuc lear  energy as evidenced by the  increas ing  cons idera t ion  be ing  given t o  s o l u t i o n  
of des ign  and material problems. 

The growing shor tage  of gas  and o i l  i n  t h e  US c l e a r l y  po in t s  t o  t h e  need f o r  
major emphasis to  be placed on the  g a s i f i c a t i o n  and l i que fac t ion  of coa l .  
t h e  hea t  requirements of o i l  r e f i n e r i e s  f o r  opera t ions  such as cracking  and d i s -  
t i l l a t i o n  a r e  i n  the range of 300 t o  55OoC and could be m e t  by adapta t ion  of e x i s t i n g  
nuc lear  r eac to r s  a l though t h i s  w i l l  no t  be economically a t t r a c t i v e  u n t i l  t h e  p r i c e  
of petroleum products is  higher.  
sumption of coa l  as a source of energy i n  t h e  g a s i f i c a t i o n  process has a t t r a c t e d  
i n t e r e s t .  
is  the  endothermic r e a c t i o n  between C and H20 t o  produce CO and H2. 
r equi red  f o r  t h i s  r e a c t i o n  is i n  the  range of 1O50-115O0C and the  requi red  hea t  is 
protuced a t  the  expense of coa l .  I f  t h e  energy requirements f o r  g a s i f i c a t i o n  were 
m e t  by nuc lear  energy, t h e  consumption of c o a l  could be  l imi ted  t o  supplying the  
carbon atoms requi red  f o r  t h e  hydrocarbon synthes is .  
t h e  w o r l d ' s  coa l  and t h e  huge rate of hydrocarbon consumption t h a t  e x i s t s ,  the  
saving could be very  s i g n i f i c a n t .  

Most of 

However, t h e  use  of nuc lear  hea t  t o  reduce con- 

A key r e a c t i o n  i n  many of t h e  processes  being considered f o r  t h a t  purpose 
The temperature 

I n  v i e w  of t h e  l i m i t a t i o n s  of 

The d i s t r i b u t i o n  of manufacturing process hea t  among indus t ry  groups is  shown 
q u a l i t a t i v e l y  i n  Table 1. 
of the  demand. 

*Work done under the  auspices  of the  U. S. Atomic Energy Commission. 

The four l a r g e s t  u se r s  account f o r  about t h ree  fou r ths  
The primary metals indus t ry  group is by f a r  t h e  g r e a t e s t  consumer 
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TABLE 1 

PROJECTED HEAT CONSUMPTION BY 
U.S. MANUFACTURING INDUSTRIES I N  1967a 

Indus t ry  Group Btu x 1 0  15 X of To ta l  

Primary Metals 4.678 32 

Petroleum and Coal 

Chemical and Al l ied  

Stone, Clay, and Glass 

Products 3.522 

Products 1.614 

Products 1.256 

24 

11 

9 

Food and Kindred 
Products 0.907 6 

Paper and Al l ied  

Textile and M i l l  

A l l  Other I n d u s t r i a l  

Products 0.656 

Products 0.227 

Groups 1.692 

To ta l  14.552 

5 

2 

11 

100 
- 

(1) aAfter Ta r r i ce  

of energy and t h e  i r o n  and s t e e l  indus t ry  dominates by us ing  about 85% of  t h e  energy 
of t h e  group. The technica l  problems of supplying nuc lear  hea t  d i r e c t l y  i n  t h e  i r o n  
and steel indus t ry  are typ ica l  of t h e  problems of u t i l i z i n g  nuc lear  hea t  f o r  chemical 
processing. The energy der ived  from t h e  coke used i n  t h e  b l a s t  furnace  is  about 
equal ly  divided between that used t o  heat t h e  ore ,  l imestone and air  b l a s t ,  and that 
which acts a s  a reducing agent.  Thus, supplying t h e  needed hea t  from a nuclear  
source would decrease the  coke requirement by up t o  a f a c t o r  of two. This caq be a 
cons idera t ion  of growing importance because r e se rves  of c o a l  s u i t a b l e  f o r  making 
high qua l i ty  coke are becoming sca rce  and t h e  p r i c e  is bound t o  r e f l e c t  t he  growing 
sca rc i ty .  The temperature requi red  depends somewhat on t h e  cha rac t e r  of t he  feed 
ma te r i a l s  bu t  is  about 900'C. As w i l l  be seen, t h i s  is w e l l  above the  temperature 
t h a t  i s  ava i l ab le  from power rezlctors i n  use  today but  is wi th in  reach of some re- 
a c t o r  concepts t h a t  are under development. 

A cons idera t ion  of t h e  g r e a t e s t  importance today i n  any use  of nuclear energy 
is t h a t  l i t t l e  o r  no r a d i o a c t i v i t y  be re leased  i n t o  the  environment. Th i s  r u l e s  ou t  
processes i n  which one o r  more of t h e  r e a c t a n t s  pas s  through a nuc lear  r eac to r .  The 
most p rac t i cab le  design f o r  process hea t  r e a c t o r s  t he re fo re  employs a h e a t  t r a n s f e r  
f l u i d  contained i n  a closed loop, c i r c u l a t i n g  through t h e  r e a c t o r  and pass ing  hea t  
t o  t h e  process ma te r i a l s  by a hea t  exchanger ex te rna l  t o  t h e  r eac to r .  I n  addi t ion  
t o  confining f i s s i o n  products t o  t h e  r eac to r ,  t h i s  approach has t h e  added advantages 
of avoiding some chemical compat ib i l i ty  problems of r eac to r  f u e l  elements and core  
ma te r i a l s  wi th  t h e  process ma te r i a l  t o  which hea t  is being de l ivered ,  and of keeping 
the  processed ma te r i a l  f r e e  of induced r ad ioac t iv i ty .  The add i t ion  of a second hea t  
t r a n s f e r  system, however, does impose the  pena l ty  of increased d i f f e r e n t i a l  between 
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f u e l  temperature and t h e  temperature imparted t o  t h e  process materials. 

Not su rp r i s ing ly ,  t h e  f e a s i b i l i t y  of us ing  low t w p e r a t u r e  process  hea t  is 
dominated more by c o s t  cons ide ra t ions  than t echn ica l  problems, whi le  t echn ica l  
problems mount a s  t h e  upper l i m i t s  of r eac to r  temperature a r e  approached. 

Water-cooled Reactors 

The major focus  of power r e a c t o r  development i n  t h e  US has been on water-cooled 
r e a c t o r s  which r e l y  almost e n t i r e l y  on slow neutron induced f i s s i o n  of 235U. 
may be d iv ided  i n t o  two main ca t egor i e s ,  the  Pressur ized  Water Reactor (EWR) and 
Boiling Water Reactor (BWR). Numerous v a r i a t i o n s  of these  r e a c t o r s  have been made 
bu t ,  because the  output temperature of a l l  of them l ies i n  a r a t h e r  narrow range, 
t h e  two main c l a s s e s  w i l l  be d e a l t  wi th  i n  genera l  terms. 

These 

Following development of t h e  PtlR f o r  submarine propulsion, t h e  f i r s t  commercial 
electric power p l a n t  was put i n  opera t ion  a t  Shippingport i n  1957. This r eac to r  was 
followed by many o t h e r s  which have incorporated improvements, mostly notably an  in- 
c rease  m burn-up trom about 8 00 t o  about 33000 Mh'd/t. 
s l i g h t l y  enriched UO2 (% 3% 239U) c l ad  i n  z i r c a l l o y  o r  s t a i n l e s s  s t e e l  which pre- 
s e n t s  a b a r r i e r  t o  escape  of f i s s i o n  products.  Problems which tend t o  l i m i t  t h e  
performance o f  PWR f u e l  inc lude  f u e l  swel l ing  and f i s s i o n  gas  pressure ,  i r r a d i a t i o n  
e f f e c t s  on f u e l  and cladding, stress cor ros ion  of s t a i n l e s s  s t e e l  cladding and oxi- 
da t ion  and hydriding of z i r c a l l o y  cladding. The output  temperature is modest, 
f a l l i n g  i n  t h e  range 260° t o  35OoC, though pressures  are high, up t o  2500 p s i a  t o  
prevent bo i l ing .  Useful hea t  is  ext rac ted  from t h e  primary hot w a t e r  coolan t  loop 
through a hea t  exchanger loca t ed  i n s i d e  the  r e a c t o r  containment vessel. 
usua l  case  where e l e c t r i c i t y  i s  des i r ed ,  steam i s  generated i n  t h e  hea t  exchanger 
and supplied t o  a tu rb ine .  I f  p rocess  hea t  were des i r ed ,  t h e  steam,usually a t  % 26OOC 
and % 720 p s i  could be used t o  t r anspor t  hea t  t o  t h e  des i red  process.  Al te rna t ive ly ,  
i n  some ins ta - ' ces ,  i t  might be  d e s i r a b l e  t o  t r a n s f e r  h e a t  d i r e c t l y  f ron  the  primary 
pressur ized  water co re  coolan t  loop through a hea t  exchanger t o  one o r  more of t h e  
ma te r i a l s  t o  be processed. Safe ty  cons idera t ions  would probably determine whether 
such d i r e c t  hea t  t r a n s f e r  was acceptab le  o r  whether ins tead  a secondary hea t  t r a n s f e r  
loop between the  primary hea t  exchanger and t h e  des i red  hea t  s ink  was preferab le .  

The BWR power r e a c t o r  pro to type  was b u i l t  a t  Va l l ec i to s  and put  i n  opera t ion  

The f u e l  material is usua l ly  

In  t h e  

i n  1957. 
cladding. 
of about 1000 ps i a  and burnup is of t h e  o rde r  of 30,000 MWd/t. 

The f u e l  material of r e a c t o r s  of t h i s  type is usua l ly  U02 with z i r c a l l o y  
The output  s a tu ra t ed  steam temperature is  250' t o  3 O O O C  a t  steam pressure  

For e l e c t r i c  power genera t ion ,  t h e  steam produced i n  t h e  r eac to r  core  goes t o  
a turb ine .  
f o r  g rea t e r  s a f e t y  a g a i n s t  escape of f i s s i o n  products from t h e  core ,  a heat exchanger 
could be interposed between t h e  primary steam loop and t h e  process hea t  sink. 

I f  steam were des i red  f o r  process purposes i t  might be  used d i r e c t l y  o r ,  

There has  been s u b s t a n t i a l  i n t e r e s t  i n  t h e  p o s s i b i l i t y  o f  superheating the  steam 

These e f f o r t s  have r e s u l t e d  i n  output temperatures i n  t h e  range 440' t o  
produced by BWR r e a c t o r s  i n  o rde r  t o  increase  t h e  e f f i c i ency  of t u rb ine  power gen- 
e ra t ion .  
580°C, a very  s i g n i f i c a n t  increase .  
f u e l  cladding is  subjec ted  a r e  more severe than i n  t h e  bas i c  PWR and BW.9. Radistion 
damage, a t t a c k  by oxygen from r a d i o l y s i s  and depos i t  of ch lo r ides  on t h e  cladding 
occur ,  wi th  t h e  r e s u l t  t h a t  no f u l l y  s a t i s f a c t o r y  c ladding  has been adopted. 

However, t he  cor ros ion  condi t ions  t o  which t h e  

A v a r i a n t  of t h e  water cooled r eac to r  which has been the  ob jec t  of s eve ra l  ex- 
perimental  r e a c t o r s  i s  that of us ing  an organic  coolan t .  
used has been terphenyl,  a c y c l i c  hydrocarbon whose bo i l ing  po in t  i s  213°C a t  at- 
mospheric pressure .  The b o i l i n g  po in t  being g rea t e r  than that of water,  t he  pos- 
s i b i l i t y  of s i g n i f i c a n t  superhea t ing  of steam I s  offered .  

The pr inc ipa l  compound 

Organic compounds 
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i nev i t ab ly  decompose under hea t  and i r r a d i a t i o n ,  and though te rphenyl  decomposes 
slowly, provis ion  f o r  removal of decomposition products must be made. In  addi t ion ,  
t h e  thermal conduct iv i ty  and hea t  t r a n s f e r  c h a r a c t e r i s t i c s  of coolan ts  of t h i s  type 
a r e  poor. The r e l a t i v e l y  non-corrosive cha rac t e r  of t h e  organic  coolan ts  has per- 
mi t ted  more l a t i t u d e  i n  choice  of f u e l  and c ladding  than i n  water cooled r eac to r s ,  
al though magnesium and a l l o y s  undergo in t e rg ranu la r  a t t a c k  and i r o n  is n o t  satis- 
fac tory .  The hydride forming metals,  i . e . ,  Z r ,  Nb and Ta, are cont ra indica ted ,  but 
aluminum and s t a i n l e s s  steels a r e  not  a t tacked .  Both UO2 and a uranium metal a l l o y  
have been used a s  f u e l s .  
400°C is regarded a s  an  upper l i m i t  set by coolan t  decomposition. 

C02 Cooled Reactors 

Output temperatures have ranged from 250' t o  375°C and 

The B r i t i s h  and French nuc lear  power r e a c t o r  programs a r e  based on CO2 cooled, 
g raph i t e  moderated r e a c t o r s  us ing  me ta l l i c  n a t u r a l  uranium f u e l  with a magnesium 
a l l o y  cladding, Magnox. This i s  a Mg a l loy  conta in ing  0.8% A l ,  0.008% Ca, 0.002X- 
0.05% Be, and 0.006% Fe. The B r i t i s h  Calder H a l l  r eac to r s  began opera t ion  in 1956 
and a t o t a l  of about 35 such r e a c t o r s  have been b u i l t .  Reactors of t h i s  type  a r e  
conserva t ive  i n  design and have operated wi th  ve ry  low f u e l  element f a i l u r e  r a t e .  
An inherent  and important l i m i t a t i o n  i s  that the p r a c t i c a l  l i m i t  of r e a c t o r  output 
temperature is about 5OO0C, because of ox ida t ion  of the  c ladding  by C02. The core  
output  temperatures of t h i s  and o the r  types of r eac to r  a r e  compared(2) i n  Fig. 1. 
Indeed, t h e  melting po in t  of t he  cladding is  about 645'C and, i n  add i t ion ,  uranium 
undergoes a phase change from a t o  t h e  lower dens i ty  f3 at about 665OC. 
wi th  t h e  f u e l  have been mainly; 

Problems 

a )  i r r a d i a t i o n  induced creep of the  uranium f u e l  a t  low temperature and 
thermal c reep  a t  higher temperature. 

Swelling of t h e  uranium a t  high temperature because of agglomeration 
of f i s s i o n  gas bubbles. 

Deformation of high temperature p a r t s  by mechanical load because of 
proximity t o  mel t ing  temperature. 

In  1963 the B r i t i s h  Advanced Gas Reactor (AGR) a t  Windscale began opera t ion .  

The f u e l  element temperature l i m i t a t i o n s  of t h e  

b) 

c )  

This i s  a higher temperature modification of t h e  C02 gas cooled r eac to r  lead ing  t o  
more e f f i c i e n t  power generation. 
Calder H a l l  r eac to r  were s i g n i f i c a n t l y  r e l i eved  by t h e  s u b s t i t u t i o n  of U02 f o r  
uranium metal and of s t a i n l e s s  steel cladding f o r  t h e  magnesium a l l o y .  
less steel a l l o y ,  conta in ing  20% C r ,  25% N i ,  resists oxida t ion  by C02. 
s t a i n l e s s  s t e e l s  and n i cke l  a l l o y s  undergo l o s s  of d u c t i l i t y  as a r e s u l t  of neutron 
i r r a d i a t i o n .  
range 500' t o  575'C and burnup t y p i c a l l y  10000 MWdlt. 
hea t  is t r ans fe r r ed  through a hea t  exchanger t o  steam f o r  t u rb ine  opera t ion .  I f  it 
were des i red  t o  use  the  output hea t  f o r  process purposes, t h e  cons idera t ions  would 
resemble those applying t o  the  PWR. 

Na Cooled Moderated Reactors 

The s t a in -  
However, 

The output  gas temperature of t h i s  type o f  r eac to r  has been in  t h e  
For electric power generation, 

The concept of a sodium-cooled g raph i t e  moderated r eac to r  was explored I n  two 

The out- 
r eac to r s ,  t h e  SRE being a r eac to r  experiment and t h e  Hallam reac to r  which was b u i l t  
t o  demonstrate f e a s i b i l i t y  of t h e  concept f o r  e l e c t r i c  power generation. 
pu t  temperatures achieved were i n  t h e  range 500' t o  65OoC. 

The f u e l  elements t e s t ed  were of s eve ra l  types  a l l  using 304 s t a i n l e s s  s t e e l  
cladding. The Hallam reac to r  used a f u e l  a l l o y  cons i s t ing  of somewhat enriched u 
and 10  w t %  Mo wi th  Na thermal bond t o  the  cladding. This type of r e a c t o r  has not  
been pursued f u r t h e r .  
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Breeder Reactors 

Consideration of t h e  need f o r  and f e a s i b i l i t y  o f  supplying high temperature 
process hea t  i n  t h e  y e a r s  ahead must take  i n t o  account what appear t o  be emerging as  
the  important f a c t o r s  i n  t h e  energy supply s i t u a t i o n  t h a t  we are moving i n t o .  
r e l a t i v e l y  sho r t  term t h e  decreas ing  a v a i l a b i l i t y  and accompanying inc rease  in  p r i c e  
of o i l  and n a t u r a l  gas sugges t  looking t o  c o a l  and nuc lear  energy. 
f a c t o r s  no t  always c l e a r l y  apprec ia ted  a re :  a )  t h e  l i m i t a t i o n s  of c o a l  supply i f  t h e  
burden o f  s u b s t i t u t i n g  f o r  o i l  and gas  i s  thrown on coa l ,  and b) t h e  l i m i t a t i o n s  of 
t h e  US' and the  world's supp l i e s  of low cost uranium. The f i r s t  f a c t o r  sugges ts  that 
a s h i f t  from o i l  and gas  t o  c o a l  should not be looked upon as a long term so lu t ion  t o  
t h e  energy supply problem and t h a t  even w i t h  our b e s t  e f f o r t s  t h e  development o f  l a r g e  
scale nuc lea r  and o the r  energy sources  i s  un l ike ly  t o  occur before i t  is  badly needed. 

I n  t h e  

Two important 

Let u s  consider t h e  l i m i t a t i o n s  of uranium supply, Table 2. The nuc lear  power 
f a r  pu t  i n t o  opera t ion  a l l  d e r i v e  roughly 2/3 of t h e i r  energy from f i s -  r e a c t o r s  

s ion  of 25%, l eav ing  nea r ly  unused the  99.3% of t h e  energy p o t e n t i a l  of uranium 

moderated r eac to r s .  F igu re  2 shows a pro jec t ion  of t h e  consumption r a t e  €o r  23fU i n  
t h e  US and t h e  consequent r i s i n g  p r i ce .  
o r e s  l eads  t o  r ap id ly  r i s i n g  c o s t  of uranium even In t h e  r e l a t i v e l y  near term. This 
problem has led t o  t h e  l a r g e  amount o f  e f f o r t  expended over many yea r s  i n  the.US and 
t h e  world on development of breeder r e a c t o r s  t o  convert  238U i n t o  t h e  f i s s i o n a b l e  
239Pu while de l ive r ing  u s e f u l  energy. 
production from thermal r e a c t o r s  us ing  235U t o  r e a c t o r s  of t h e  breeder type is  ex- 
pected t o  reduce t h e  p r i c e  rise of uranium wi th  t i m e  a s  shown in  Fig.  2. 
t h e  smal l  amount of uranium used r e l a t i v e  t o  t h e  amount of energy r e l eased  will ren- 
d e r  t he  c o s t  of energy q u i t e  i n s e n s i t i v e  t o  t h e  c o s t  of uranium ore .  Although f i s -  
s ion  of thorium does no t  occur e a s i l y ,  thorium can b e  converted i n  nuc lear  r e a c t o r s  
i n t o  t h e  r ead i ly  f i s s i o n a b l e  233U a s  shown i n  Table 3. 
t h a t  t he  world's  supply o f  thorium, although not  accu ra t e ly  known appears t o  be  a t  
least  comensura t e  wi th  t h e  uranium supply. 
p l ace  b e s t  with a neut ron  f l u x  of thermal v e l o c i t i e s  and t h e  high temperature gas  
cooled r e a c t o r s  (HTGR's) belong t o  t h i s  c l a s s  of r eac to r s .  I n  r e a c t o r s  of t h i s  type, 
t h e  p a r t i a l  conversion of 232Th t o  232U r e s u l t s  i n  high burnup and reduces f u e l  cos t .  

c,.nnl,p~ b,. ....+ .._" a-  +L- ---- -L..-J--- 2 W . v  - .L>-L  .---- --c e-. e - -  * . - a  . -  * .. - . , --___- -__ -.--- --" I I..+_.. .."SO .A". LIDDA".'  DA6'A&*C""L J .A,. 

Clear ly ,  the deple t ion  of cheaper uranium 

The a n t i c i p a t e d  s h i f t  of t h e  burden of power 

Furthermore, 

It i s  the re fo re  important 

The conversion of 232Th i n t o  233U t akes  

TABLE 2 

Pr ice  of Uranium Concentrates Tons of  Uranium Resources 
a t  t h i s  o r  Lower P r i cea  $/pound U,O, a "  

8 
10 
15 
30 
50 

100 

594.000 
940,000 

1,450,000 
2,240,000 

25,000,000 
10,000,000 

'AEC Report WASH 1098(3) 

The conversion of 238U t o  239Pu does not  t ake  p l ace  t o  a l a r g e  degree w i t h  
thermal neutrons i n  h ighly  moderated r e a c t o r s  such as a r e  used f o r  power production 
today bu t  r equ i r e s  a f a s t  neutron population, 1.e.. a f a s t  r eac to r .  Several  types 
of breeder r eac to r s  a r e  be l ieved  t o  b e  poss ib l e  but  a l l  must have high burn-up, of 
t h e  o rde r  of l o 5  EIWdlt, i n  order  t o  achieve low f u e l  cos t .  
of breeder r eac to r  are t h e  liquid-metal cooled f a s t  breeder r eac to r  (UIFBR), the 
gas-cooled f a s t  breeder r e a c t o r  (GCFR), and t h e  molten s a l t  breeder r eac to r  (MSBR). 

The most important types  
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I 

The f i r s t  two a r e  Pu breeders  and t h e  l a s t  i s  a moderated r eac to r  us ing  the  thorium 
breeding cyc le .  
a c t o r s  have been b u i l t  i n  t h i s  country and o the r  count r ies ,  no tab ly  Russia,  England, 
and France. 

The f i r s t  type i s  favored i n  t h e  US and seve ra l  experimental re- 

The breeder f u e l  genera l ly  conta ins  i n i t i a l l y  about 85 w t X  U and 15 W t X  plutonium 
t o  provide a f i s s ionab le  f u e l  f o r  s t a r tup .  A v a r i e t y  of f u e l  compositions has been 
considered, inc luding  metal  a l l o y s  of U and Pu, as w e l l  as UO2-PuO2, UC-PuC and UN-PUN. 
Of these,  UO2-PuO2 has been t h e  p r inc ipa l  choice,  i n  pa r t  because of i t s  high melting 
po in t  and good compat ib i l i ty  with cladding and coolan ts ,  good f i s s i o n  product re ten-  
t i o n  and r e l a t i v e  to le rance  of i r r a d i a t i o n .  
considered including mainly s t a i n l e s s  s t e e l s  a s  w e l l  a s  n i c k e l  a l l o y s  and zirconium 
a l loys .  I f  t h e  r eac to r  i s  operated a t  a u se fu l  power dens i ty ,  t h e  low thermal con- 
d u c t i v i t y  of UOp r e s u l t s  i n  approach t o  t h e  mel t ing  poin t  of UO a t  t h e  f u e l  element 
c e n t e r l i n e  and t h i s  l i m i t s  r eac to r  opera t ing  temperature. Carbfde f u e l s  have higher 
thermal conduct iv i ty  and g rea t e r  metal  atom dens i ty  and r eac to r s  u s ing  them would be 
expected t o  have shor t e r  Pu doubling time. There i s ,  however, less experience w i t h  
high i r r a d i a t i o n  of carb ide  f u e l s  than with oxide fue l s .  

Several  cladding ma te r i a l s  have been 

Several  experimental  breeder r eac to r s  have been t e s t ed  wi th  output temperatures 
ranging from 320'C i n  t h e  case of t he  EBR-1 t o  t y p i c a l l y  400' t o  6OO0C, Fig. 1. 
s tud ie s  have been made which would lead t o  a somewhat higher output temperature of 
650'C. 
come i n t o  use  f o r  power generation i n  the  80 ' s  is l i k e l y  t o  be  l imi t ed  t o  t h i s  range. 
Presumably a l a t e r  genera t ion  of breeder r e a c t o r s  might be adapted f o r  t h e  production 
of process hea t .  
that it would probably prove necessary t o  in t e rpose  a secondary N a  loop between t h e  

Some 

The output temperature of Na cooled LMFBR's of t he  kind t h a t  are expected t o  

The N a  coolant of t h e  LMTBR i s  so s t rong ly  ac t iva t ed  by neutrons 

TABLE 3 

TIIE PRINCIPAL FUEL BREEDING REACTIONS 

Uranium Breeding Cycle 

92u238 t * 92u 239 

239 
U239 + 93NP + B- (ha l f - l i f e :  24 min.) 92 

239 
93Np239 + 94'' + B- (ha l f - l i f e :  2.3 days) 

Pu239+ + Fis s ion  Products + xoq' (x > 2 )  94 

Thorium Breeding Cycle 

gOTh232+ -+ 90 Th233 

-+ glPa233 + 6- (ha l f - l i f e :  22 min.) Th233 
90 

233 U233 + 6- (ha l f - l i f e :  27 days) 91Pa + 92 

u233 + + Fis s ion  Products + Yorl' (Y > 2) 
92 
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primary loop and t h e  p rocess  hea t  s ink .  I n  f a s t  r e a c t o r s  of t h e  gas  cooled type,  
the helium core  coolan t  i t s e l f  does  not become rad ioac t ive  from neutron bombardment. 
The r a d i o a c t i v i t y  l e v e l  of t he  coolan t  r e s u l t i n g  from f i s s i o n  products leak ing  from 
t h e  f u e l  and from a c t i v a t i o n  of impur i t i e s  i n  the  gas might be  kept low enough t o  
p e r m i t  t r a n s f e r  of hea t  d i r e c t l y  t o  steam or t o  some ma te r i a l  t o  be processed. 

Gas Cooled Noderated Reac tors  

The h igh  temperature gas-cooled type of r ea f to r ,  HTGR, cooled by helium is pre- 
eminent by a w i d e  margin a s  a p o t e n t i a l  source of high temperature process  hea t .  
The output  temperature achieved extends upward from 75OoC, f o r  Peach Bottom and 
785'C f o r  F t .  S t .  Vrain,  both intended f o r  e l e c t r i c  power generation, to  1300'C f o r  
t h e  u l t r a  h igh  temperature r e a c t o r  experiment (UHTREX), Fig. 1. Hot helium a t  
2, 75OoC, passing through a hea t  exchanger, w i l l  genera te  steam a t  t h e  h ighes t  tem- 
pe ra tu re  and pressure  t h a t  a modern steam tu rb ine -e l ec t r i c  genera t ing  p l an t  can use. 
I f  it is des i red  t o  use  t h e  hea t  from t h e  HTGR f o r  process  purposes, then a choice 
e x i s t s  between a) i n t e rpos ing  a secondary hea t  t r a n s f e r  loop between t h e  primary 
hea t  exchanger and t h e  des i r ed  heat s ink  and b)  c i r c u l a t i n g  one o r  more of t h e  pro- 
L ~ D D  UUIL~L~LB i i s r c r i y  c'nrougn cne primary near: excnanger. m general ,  tne  nigner 
t h e  ope ra t ing  temperature l e v e l  t h e  more s t r i n g e n t  t h e  l i m i t a t i o n s  on choice of 
m a t e r i a l s  of cons t ruc t ion  and f o r  temperatures i n  excess of % 750'C the  cos t  of t hese  
m a t e r i a l s  becomes of i nc reas ing  importance. 
t i o n s  i n  t h i s  regime are j u s t  beginning t o  be explored. 

The p o t e n t i a l  f o r  process  hea t  applica- 

This type  of thermal neut ron  r eac to r  employs g raph i t e  as moderator and a gra- 
p h i t e  f u e l  element w i th  f i s s i o n a b l e  f u e l  p a r t i c l e s  d i spersed  i n  it. 
chemically i n e r t  helium as coolant  avoids problems of chemical r e a c t i o n  of coolan t  
wi th  f u e l  and t o  a l a r g e  ex ten t  wi th  s t r u c t u r a l  m a t e r i a l s  in t h e  core.  The com- 
p a r a t i v e  absence of neut ron  absorbers i n  t h e  core ,  which e s s e n t i a l l y  conta ins  only 
f u e l  and moderator, permi ts  high s p e c i f i c  power and very  high burnup. 
i n  r e a c t o r s  of t h i s  class, l o 5  Mwd/t i n  the  case  of F t .  S t .  Vrain, promises f u e l  
economy. 

Use of t h e  

The burnup 

235" The f u e l  elements a r e  based on t h e  thorium t o  233U conversion cyc le ,  with 
present  a s  t h e  s t a r t -up  f u e l .  
degree of f u e l  u t i l i z a t i o n  and lowest power c o s t  of any thermal neutron r eac to r  
system. 

Subs tan t i a l  conversion he lps  t o  achieve  t h e  h ighes t  

With v a r i a t i o n s  of d e t a i l e d  s t r u c t u r e ,  t h e  f u e l  elements of HTGR's are based on  
t h e  use  of coated f u e l  p a r t i c l e s  contained i n  graphi te .  
been expended in developing p a r t i c l e  coa t ings  and measuring t h e i r  performance. 
bas i c  reason for coa t ing  t h e  f u e l  is t o  impede t h e  r e l e a s e  of f i s s i o n  products t o  
t h e  coolan t  gas stream. Although at t h e  h ighes t  opera t ing  temperatures i t  is  no t  
poss ib l e  t o  completely r e t a i n  f i s s i o n  products,  t h e  r a t i o  of f i s s i o n  product atoms 
re leased  t o  those born has been improved a g r e a t  dea l .  The p a r t i c l e s  used i n  t h e  
F t .  S t .  Vrain reac tor  are c a l l e d  TRISO pa r t i c l e s . (4 )  The co re  of a f i s s i l e  p a r t i c l e  i s  
about 200 u m  i n  diameter and c o n s i s t s  of (Th,U)C2 i n  an atom r a t i o  of 4.25 Th to  1 U. 
It is  covered f i r s t  wi th  a low dens i ty  l aye r  of pyrocarbon about 50 u m  t h i c k  which 
provides void volume t o  accomoda te  gaseous f i s s i o n  products,  fu rn i shes  a cushion 
t o  a l low f o r  thermal expansion mismatch of co re  and coa t ing ,  and p r o t e c t s  t he  ou te r  
l a y e r s  of coa t ing  s u b s t a n t i a l l y  from damage by r e c o i l i n g  f i s s i o n  fragments. 
l a y e r  of h igher  dens i ty  i s o t r o p i c  pyrocarbon g r e a t l y  slows the  release o f  iod ine ,  
t e l l u r ium and noble gas f i s s i o n  products.  A t h i r d  l aye r  of p y r o l y t i c a l l y  deposited 
S I C  about 20 pm t h i c k  a c t s  a s  a ve ry  e f f e c t i v e  d i f f u s i o n  b a r r i e r ,  g r e a t l y  improving 
t h e  r e t e n t i o n  of metal  f i s s i o n  products,  no tab ly  C s ,  Ba and Sr.  
p l e t ed  by an outer  l a y e r  of i so t rop ic  pyrocarbon about 20 urn i n  th ickness .  F e r t i l e  
Particles f o r  t h i s  r e a c t o r  con ta in  400 pm diameter cores  o f  ThC2 with t h e  same 
coa t ings  as f u e l  p a r t i c l e s .  

A g rea t  d e a l  of e f f o r t  has 
The 

A 20 urn 

The coa t ing  is  com- 
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Several ways of exp lo i t i ng  the  improved r e t e n t i o n  of f i s s i o n  products  are open. 
In r eac to r s  designed t o  opera te  a t  temperatures below ?r 1300°C where f i s s i o n  product 
leakage is very small ,  f i s s i o n  product cleanup in t he  c i r c u l a t i n g  coolan t  may be 
minimized. 
t en t ion  t o  f a c i l i t a t e  opera t ion  a t  higher temperature without i ncu r r ing  t h e  need for 
an ex tens ive  gas cleanup system. 

Al te rna t ive ly ,  advantage may be taken of the  good f i s s i o n  product re- 

The Ul t ra  High Temperature Reactor Experiment (UHTREX) y ie lded  an output  gas 
temperature of 13OO0C which is seve ra l  hundred degrees higher than any o the r  r eac to r  
of t h e  HTGR type,  Fig. 1. The purpose of t he  r e a c t o r  was t o  demonstrate t he  c a p a b i l i t y  
of t h i s  type of r eac to r  f o r  producing power and high temperature process  hea t .  
f u e l  elements were unclad g raph i t e  conta in ing  coated UC2 p a r t i c l e s .  
t h e  unique capab i l i t y  of permi t t ing  r e f u e l i n g  without i n t e r rup t ion  of f u l l  power 
opera t ion .  
t inuous ly  removed by a coolan t  gas p u r i f i c a t i o n  system. 
minated i n  1970 hecause of s t r i n g e n t  budget l i m i t a t i o n s .  

The  
This r eac to r  had 

There was some f i s s i o n  product escape from the  f u e l  and t h i s  was  con- 
The UHTREX p r o j e c t  was t e r -  

The Rover p ro jec t  f o r  developing a nuc lear  powered rocket  engine pointed a way 
toward a type of very high powered dens i ty  gas-cooled r eac to r  capable o f  s t i l l  higher 
output temperature. These r e a c t o r s  were intended t o  hea t  high pressure  hydrogen t o  as 
high temperature a s  f e a s i b l e  be fo re  allowing it t o  expand through a de Lava1 nozzle t o  
produce t h r u s t .  Operating temperatures of 2300 t o  2500'C were achieved i n  r eac to r  tests. 
The opera t ing  dura t ion  required w a s  from 1 t o  10  h depending upon t h e  choice  of mission. 
The funding of t h i s  p ro jec t  w a s  terminated in e a r l y  1973. 
extremely f a s t  with decrease in temperature and t h i s  sugges ts  t h e  c a p a b i l i t y  of such 
a reac tor  t o  opera te  f o r  a year o r  more at s u b s t a n t i a l l y  higher temperatures than 
HTGR's .  The f u e l  used in t he  l a s t  Rover r eac to r  t e s t ed  was a composite of graphi te  
and uranium-zirconium carb ide  so l id-so lu t ion  with t h i n  zirconium carb ide  coa t ing  t o  
r e s t r a i n  cor ros ion  by t h e  hydrogen but  no a t t e n p t  was made t o  con ta in  f i s s i o n  products 
and in f a c t  s u b s t a n t i a l  r e l e a s e  occurred. Some experimental f u e l  elements cons i s t ing  
s o l e l y  of uranium zirconium carb ide ,  subs to ich iometr ic  i n  carbon, were a l s o  evaluated 
f o r  poss ib le  use a t  higher t empaa tu res  and longer l i f e .  
i n  t h e  f u e l  i s  a requirement. these  carb ide  and carbide-graphite composite f u e l s  a r e  
not  w e l l  su i t ed  fo r  use  i n  a process heat r eac to r .  
fue l s ,  such as would be s u i t a b l e  f o r  a process hea t  r eac to r ,  were a l s o  successfu l ly  
t e s t ed  in  Rover r eac to r s  up t o  temperatures of 230OOC f o r  a dura t ion  of one hour. 
A s  in the  case of UHTREX, t h e r e  was s u b s t a n t i a l  f i s s i o n  product escape from t h e  fue l .  

Reactor l i f e t i m e  inc reases  

I f  f i s s i o n  product r e t e n t i o n  

Coated f u e l  p a r t i c l e  loaded g raph i t e  

Economic Cons idera! ions 
The l a r g e  grovth of t he  nuclear r e a c t o r  indus t ry ,  which has  taken p lace  desp i t e  

t he  problems and de lays  of l i cens ing ,  s i t i n g ,  cons t ruc t ion ,  and financing, is due 
t o  the  highly favorable economic pos i t i on  of nuc lear  power today. Nuclear f u e l  
c o s t s  a r e  very low (roughly t h e  same as coa l  i n  t h e  Four Corners a rea  of New Mexico 
on an equal Btu bas i s )  and t h i s  is t he  primary j u s t i f i c a t i o n  f o r  t h e  nuc lear  indus t ry .  
Furthermore, cur ren t  p ro jec t ions  of f u e l  c o s t s  suggest t h a t  t he  advantage of nuclear 
power w i l l  increase  i n  t h e  fu tu re .  Nuclear p l a n t s  a r e  somewhat more c o s t l y  t o  bui ld  
than o the r  c e n t r a l  s t a t i o n  e l e c t r i c a l  generating s t a t i o n s ,  but no t  enough s o  t o  
overcome t h e i r  advantageous economic pos i t ion .  
c a p i t a l  is held cons tan t ,  once a p lan t  is b u i l t ,  the  economic pos i t i on  of a nuclear 
r eac to r  improves with time (in a c l imate  of e sca l a t ing  f u e l  c o s t s )  relative t o  o the r  
systems with a lower f r a c t i o n a l  cap i t a l i za t ion .  

Since the  annual f ixed  charge f o r  

Since nuclear r eac to r s  have only been b u i l t  f o r  c e n t r a l  s t a t i o n  e l e c t r i c a l  power 
use,  we can only meaningfully compare t h e i r  cos t  with t h a t  of similar f o s s i l  fueled 
p lan ts .  
e sca l a t ion ,  allowance f o r  funds during cons t ruc t ion .  contingency, taxes  and u t i l i t y  
adders) f o r  var ious  p l an t s  assuming s t a r t u p  in 1981: 

This i s  done i n  the  following t a b l e  which lists c a p i t a l  c o s t s  (exclusive of 
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Nuclear (LWR) Coal* 

Capi ta l  c o s t ,  $ / h e  305 177 270 

Capi ta l  c o s t ,  S / h t  99 7 1  108 

*with SOp scrubbers .  

It is d i f f i c u l t  t o  s epa ra t e  the  f r a c t i o n  of t h e  c o s t  of t hese  p l an t s  which can 
be charged t o  the nuc lear  r e a c t o r  and i t s  a s soc ia t ed  sh ie ld ing .  bu i ld ing ,  r e fue l ing  
equipment, e l e c t r i c a l  equipment, p ip ing  and mechanical systems ( the  "nuclear island").  
One d e t a i l e d  es t imate  s tud ied  i n d i c a t e s  t h a t  t h e  f r a c t i o n  of t he  t o t a l  cos t  a t t r i -  
butab le  t o  t h i s  i s  roughly 40%. 
nuc lear  hea t  would be  40 dol la rs /kw (thermal).  Addition of e sca l a t ion  (5% f o r  equip- 
ment, 3% f o r  mater ia l s ,  8% f o r  l a b o r ) ,  allowance f o r  funds dur ing  cons t ruc t ion  (AFDC, 
8X/year), u s e  and s a l e s  t axes ,  and u t i l i t y  c o s t  adders  ( s t a r t u p ,  l i cens ing ,  t r a i n i n g ,  
proper ty  t axes ,  a d n i n i s t r a t i o n ,  consu l t an t s ,  insurance,  genera l  p l a n t  and spares, 

80 dol la rs /kw (thermal) f o r  a t y p i c a l  8.6 year phased cons t ruc t ion  schedule. I f  
one assumes a 16% annual f ixed  charge r a t e  and a 0.85 u t i l i z a t i o n  f a c t o r ,  t he  ne t  
c o s t  of energy a t t r i b u t a b l e  only t o  t h e  cos t  of c a p i t a l ,  is roughly 50 cents /mi l l ion  
Btu f o r  a nuclear p l an t .  

On t h i s  bas i s ,  a rough e s t ima te  of t he  cos t  of 

~ . - .  . . - _  ~. _ .  _ -  
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The pro jec ted  c o s t  of f u e l  i n  t h e  fu tu re  is as follows: (cents /mi l l ion  Btu). 

Nuclear Coal 
( L W  - O i l  (Northeast U.S.) 

(1973) 17  75 45 

1985 27 163 91 

1995 38 272 140 

15 year l eve l i zed  30 189 99 
(1981-1996) 

These comparisons i n d i c a t e  t h a t  nuclear hea t  w i l l  be  an  inc reas ing ly  good buy i n  
the  fu ture .  
(PWR's and BWR's) which a r e  the  on ly  types of r e a c t o r s  f o r  which experience i s  
ava i l ab le .  P ro jec t ions  f o r  HTGR c a p i t a l  p l an t  c o s t s  a r e  s l i g h t l y  higher (20%) than 
f o r  LWR's, on an equal Btu bas i s ,  although the  h igher  temperature may make t h e  heat 
more va luable  fo r  some app l i ca t ions .  The pro jec ted  HTGR f u e l  cyc le  cos t s  a r e  roughly 
equal ,  on a n  equal Btu b a s i s ,  t o  those  of t h e  LWR. Lack of experience i n  f u e l  fabr i -  
ca t ion  and reprocessing c r e a t e s  some uncer ta in ty  i n  t h e  es t imates .  

The va lues  l i s t e d  f o r  nuclear hea t  a r e  based on l i g h t  water r eac to r s  

The Question of P l a n t  S i ze  

The foregoing economic va lues  a r e  based on a p l an t  t h a t  genera tes  % 3600 MWt.  
While f u e l  cycle c o s t s  a r e  roughly independent of p l an t  s i z e ,  t h e  c a p i t a l  cos t  v a r i e s  
roughly a s  t h e  p l a n t  s ize  t o  the  0.42 power. Thus one is led  t o  very l a r g e  r eac to r  
s i z e s  because of economic considerat!.ons. The AEC c u r r e n t l y  l i m i t s  t he  s i z e  t o  
3600 M W t  u n t i l  more exper ience  is gained, however even l a r g e r  s i z e s  may come i n  the  
fu tu re .  Few process hea t  app l i ca t ions  lend themselves to such l a r g e  s i z e  u n i t s  and 
smaller u n i t s  w i l l  c e r t a i n l y  incu r  a c o s t  penalty.  

Hydrogen a s  an Energy Di s t r ibu t ion  Medium 

One approach t o  t h e  problem of r eac to r  p l an t  s i z e  which seems a t t r a c t i v e  i s  t o  
convert  the  nuclear energy t o  a more s u i t a b l e ,  t r anspor t ab le  and convenient form and 
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then d i s t r i b u t e  t h i s  go-between energy t o  i t s  multi tudinous end use r s .  
very  a t t r a c t i v e  medium t o  cons ider  f o r  t h i s  d i s t r i b u t i o n  system. 
conten t ,  is r e a d i l y  ava i l ab le  ( in  H20), e a s i l y  t ranspor tab le ,  and eco log ica l ly  at- 
t r a c t i v e .  It can r e a d i l y  be used in var ious  i n d u s t r i e s  such as ammonia synthes is ,  
plywood dry ing ,  g l a s s  making. coa l  hydrogas i f ica t ion .  metal  o r e  reduct ion ,  petroleum 
r e f i n i n g ,  a s  w e l l  a s  f o r  primary heating. The c e n t r a l  problem is how b e s t  t o  make 
use of heat energy from a nuc lear  r eac to r  f o r  t he  decomposition of water. Although 
the  i n d i r e c t  e l e c t r i c a l  g e n r r a t i o n / e l e c t r o l y s i s  rou te  is  t echn ica l ly  f e a s i b l e  i t  is 
i n e f f i c i e n t  (28% present ly ,  4OX u l t ima te ly  may be poss ib le ) .  A more a t t r a c t i v e  
approach from the  thermodynamic viewpoint is t h e  use of a dua l  temperature thermo- 
chemical cyc le  shown schematically by: (M s t ands  f o r  metal o r  compound and, in f a c t ,  
four  o r  more a c t u a l  r eac t ions  may be necessary . )  

Hydrogen i s  a 
It has  a high hea t  

MOx + H20 + MOx+l + H2, a t  temperature T1 

2 MOx+l + (hea t )  + MOx + 112  02, a t  temperature T 

The maximum c y c l i c  e f f i c i ency  of t h i s  process,  from H20 back t o  H20, i s  given simply 
by t h e  Carnot r e l a t i o n ,  (T2 - Tl)/T . 
pera tu re  h e a t  source is evident.  
pe ra tu re  range of 1000DC to  13OO0C, and i f  80% of Carnot e f f i c i ency  can be r e a l i z e d ,  
then an  e f f i c i ency  of 60 t o  65% w i l l  be achievable.  
incent ive  is s u f f i c i e n t  t o  warrant a thorough search. 
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IRON TITANIUM HWRIDE: ITS FORMATION, 
PROPERTIES, AND APPLICATION 

J. J. Reilly and R. H. Wiswall, Jr. 
Brookhaven National Laboratory 

Upton, New York 11973 

Iron and titanium form two known stable intermetallic compounds, FeTi 

and Fe2Ti. 

exists above 1000°C , decomposing to FeTi and T i  below that temperature. 

We have briefly noted previousl;’ that one of these compounds, FeTi, will 

react directly with hydrogen to form a n  easily decomposed hydride which 

may be useful as a hydrogen storage medium. Our primary purpose here is 

to discuss the Fe-Ti-H system in some detail with particular emphasis on 

the reaction of FeTi with hydrogen and the formation and properties of two 

ternary hydrides, FeTiH 

pose is to  discuss the application of iron titanium hydride as a storage medium 

for hydrogen fuel. 

I. FORMATION AND PROPERTIES 

It is also generally accepted that a third compound, FeTi 
2’ 2 

and FeTSN2.  A further, though secondary, pur- -1 

Experimental 

The Fe-Ti alloys were prepared from zone-refined Fe and T i  in an a rc  

furnace under an argon atmosphere, although it should be noted that no signif- 

icant differences were observed when commercial grade Fe and T i  were sub- 

stituted for the zone-refined starting material. Initially we had prepared the 

alloys in an induction furnace; however, it appeared that the resulting products 

were contaminated by the alumina crucible material, which had an inhibiting 

effect upon their reaction with hydrogen. Contamination of iron titanium al- 

loys by alumina crucibles has been noted previously. l All the alloys were 
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quite brittle and could be easily crushed to pass through a 10-mesh screen. 

It was not necessary to carry out the crushing step in an inert atmosphere. 

The samples, weighing -10 g, were introduced into a high pressure hydriding 

reactor, the construction of which has been previously discussed in detail. 
5 

Our procedure for hydriding metals which form unstable hydrides, as in 

this instance, has  also been described,' and only a brief synopsis wi l l  be 

given here. The reactor was loaded with the granular alloy samples, sealed, 

evacuated and then heated to 400-450°C while outgassing continuously. Upon 

.w..v..y.6 ..,- vlcru Lrlllp.=l aGuLG Laugc, iiyGrugau wab: admitted TO the reactor 

until the pressure was -100 psia. After -30 minutes the reactor was evacuated 

and cooled to room temperature and H was admitted to  the reactor until the 

pressure was -950 psia. Usually the metal-hydrogen reaction proceeded im- 

mediately with the evolution of heat. If no reaction took place over a course 

of -15 minutes the above procedure w a s  repeated. It should be noted that if 

the alloy is in ingot form, rather than granular, the initiation of the reaction 

is somewhat more difficult and may require several such treatments. In order 

to obtain a highly active metal substrate, the sample was hydrided and dehy- 

drided several times. Dehydriding was accomplished by outgassing and heat- 

_^^^I.:-- IL- _ I L _ - .  L _... - _ . - I  - 

2 

ing to -2oooc. 

The procedure for obtaining the pressure-composition isotherms presented 

Briefly, it con- here is essentially the same as that described previously. 59  

sisted of equilibrating the metal hydride with hydrogen at >900 psia at a pre- 

determined temperature. Hydrogen w a s  then withdrawn in a measured amount 

from the system by venting to an  evacuated reservoir of known volume, after 

which equilibrium was allowed t o  become re-established. This step was repeated 

until the equilibrium pressure was below 1 atmosphere, at which point the sample 
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was heated to >4OO0C and any further hydrogen that evolved was measured. 

Finally, the sample was cooled to room temperature, removed from the reac- 

tor and analyzed for Fe, T i  and residual hydrogen. Occasionally, the reverse 

procedure w a s  followed in order to determine hysteresis effects, In these 

runs, the starting material was an alloy sample that had been activated by 

previous hydriding and dehydriding; and the points on the pressure vs. com- 

position curve were obtained by adding successive small increments of hydrogen. 

All the x-ray data were obtained using a 114.59 mm dia. Norelco powder 

camera (Debye-Scherrer type) and with Cu K CY radiation. 

Results and Discussion 

The Fe-Ti-H system w a s  explored between the approximate limits, by 

weight, of 70% Fe-30% Ti  and 37% Fe-63% Ti, corresponding to the atomic 

proportions Fe Ti and FeTi2. At the iron-rich end of this range no hydrogen 

w a s  absorbed, but all compositions richer in T i  than Fe T i  did take up hydrogen 

to some extent. The stable intermetallic compound, FeTi, reacted readily, 

and a series of pressure-composition isotherms for the FeTi-H system is 

shown in Figure 1. The composition of the starting alloy was 53.6% Fe and 

46. 7% Ti. The metal phase present should be only that of FeTi, which was 

confirmed by an x-ray diffraction pattern taken of the sample. In the graphs 

the equilibrium dissociation pressure of the hydride is plotted against the 

hydrogen content of the alloy expressed as the ratio of hydrogen atoms to that 

of the total number of metal atoms $/(Fe + Ti) or simply H/M). The shape 

of the isotherms can be interpreted as follows: on the left, where the isotherms 

rise steeply as the hydrogen content of solid increases, is the region of solid 

solution of hydrogen in the FeTi metal lattice. This solid solubility region 

may be designated as the a phase of the FeTi-H system. As the hydrogen 

2 

2 
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content of the solid is further increased the equilibrium pressure remains 

constant and forms, so to speak, a plateau. The composition a t  which the 

plateau begins marks the point at which a new phase appears and also marks 

the maximum solubility of hydrogen in the (Y phase. At room temperature 

that composition corresponds to FeTiH (H/M = 0.05). The new phase is 

the monohydride or p phase of the FeTi-H system. Both the (Y and p phases 

coexist until the solid composition corresponds to FeTiH where the iso- 

therms begin a steep ascent. At this point the (Y phase has disappeared. (For 

the present we shall ignore the dip shown in the lower temperature isotherms 

just below this composition.) A s  the hydrogen content of the p phase is in- 

creased a new phase appears, the y or dihydride phase. Its exact point of 

inception is temperature dependent and is somewhat difficult to  determine 

since the upper plateaus are narrow and the breaks in the isotherms quite 

gradual. The 55' isotherm shows only a vestigial plateau structure and it 

appears that this temperature is quite close to the critical temperature, above 

which two discrete solid hydride phases cannot coexist and the monohydride 

is transformed continuously into the dihydride phase. The 70" isotherm shows 

no evidence of a plateau in this region. These data and observations a re  sum- 

marized in the phase diagram of the FeTi-H system shown in Figure 2. 

0.10 

1.04 

The effect of hysteresis in the FeTi-H system is illustrated in Figure 3. 

It is worth noting that the system almost forms two loops, the reason being 

that in the region of the pure (3 phase hysteresis is reduced substantially, 

which is the usual case in single phase regions. The loops a re  not closed 

since the composition range over which only the p phase is present is quite 

narrow. As the y phase appears hysteresis again increases. It is also of 

interest to  point out that the dip occurring in the lower temperature desorption 
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isotherms a t  H/M 0.5 does not occur in the absorption isotherm. This situa- 

tion appears to be analogous to that occurring in the uranium-hydrogen system 

below 4OO0C, where a similar dip in the desorption isotherm was noted by 

Spedding et al. ' and by Wicke and Otto. * Our results indicate that at higher 

temperatures the dip is less pronounced and finally disappears altogether in 

the 70' isotherm. This behavior is, again, similar to that of the uranium- 

hydrogen system, where Libowitz and Gibb found no dips in isotherms deter- 

mined at high temperatures (450'+). Wicke and Otto have suggested that the 

phenomenon is due to the supersaturation of hydrogen vacancies in the hydride 

phase, while Flotow e t  al. lo have proposed that it is an effect caused by the 

state of subdivision of the solid. 

9 

The reaction taking place in the lower plateau region (H/M 0.10 to H/M = 

0.52) may be written as follows 

2.13 FeTiHO. + H2 = 2.13 FeTiHlaO4 

which is followed by 

2.20 FeTiHl. o4 + H2 = 2.20 FeTiHlag5 

The variation of the log of the equilibrium dissociation pressure with the 

reciprocal temperature for several solid compositions is shown in Figure 4. 

The relationship is linear and obeys the van't Hoff equation in the form of 

In P = - + B where A and B a re  constants and T is the absolute temperature. 

Thermodynamic values for the iron titanium-hydrogen system were derived 

from these data and are shown in Table 1. They are  given as relative partial 

molal quantities, (%% - Ls ) where % is the partial molal enthalpy (entropy 

or free energy) of hydroien ?as atoms) in the solid relative to hydrogen in its 

standard state as a pure diatomic ideal gas at a pressure of 1 atm. 

A 
T 

- 0 
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The products of reactions 1 and 2 are gray metal-like solids, essentially 

not different in appearance from the granular starting alloy.. They are very 

brittle but are not pyrophoric in air; on the contrary, exposure of these mate- 

rials to air tends to deactivate them. Even though both hydrides have dissocia- 

tion pressures appreciably above one atmosphere a t  25’, they wi l l  decompose 

relatively slowly in air. Once exposed to  air they may be reactivated by re- 

peating the procedure described in the experimental section, but a precaution- 

ary note should be added here; the remaining hydrided material, though ap- 

y i i ~ ~ l l Z J  hGl L ,  WZ G ~ W I I I ~ U W  yuim rapiaiy as eievarea temperatures are 

reached (200’-300’) and should not be heated to such temperatures in closed 

systems unless the f ree  volume is suf€icient to accommodate the evolved hydro- 

gen without the buildup of excessive pressure. 

The existence of the ternary compound TiFeH is strongly supported by 1 
evidence gathered from x-ray diffraction patterns of material whose composi- 

tion lies in the lower plateau region of the P-C isotherm. In order to obtain 

a suitable sample for  x-ray analysis, an amount of FeTiH was cooled to -70’ 

and the hydrogen remaining in the gas phase was quickly evacuated; the sample 

was then contacted with air and allowed to warm to room temperature. This, 

in effect, “froze” the hydrogen content of the solid at a high level since such 

a procedure deactivates the hydride by air contact, thus preventing its rapid 

decomposition even at relatively high temperatures under conditions far re- 

moved from equilibrium. A portion of this material was taken and its x-ray 

diffraction pattern determined, The remaining material w a s  analyzed for 

hydrogen by heating and decomposing it. While it is quite possible that the 

x-ray sample was not of the same composition as the bulk of material, or suf- 

fered some subsequent decomposition after sampling, as long as its composition 

-1 
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was within the lower plateau region, the pattern due to the p hydride phase 

should be discernible. We have followed this technique with material of a 

Upon subtracting the lines due composition corresponding to FeTiH 

to FeTi ( (Y phase), the ternary hydride phase FeTiH was  indexed as having 

tetragonal symmetry w i t h  a = 3.18"A and c = 8.73"A, giving a c/a ratio of 

2.74. The observed and calculated d lines are given in Table If. 

0. 89' 

1 

In addition, the density of another sample having composition correspond- 

ing to TiFeHo. 8o was  measured under benzene and found to be 6.003. Since 

this is a mixture of two phases, hydrogen saturated TiFe and TiFeH1, and 

the density of TiFe is known (6.50), the density of TiFeH was  calculated to 

be 5.88. Knowing the density and using the lattice parameters given above, 

the number of molecules in a unit cell were calculated to be 2.99 or 3. That 

1 

the calculated value is so very close to an integral number is substantial evi- 

dence that the indexing treatment is correct. 

The situation with solids of higher hydrogen contents, i.e. in the p-7 

region is more complex and has not been resolved. A sample of the higher 

hydride was treated the same as outlined above; however, this material is 

more unstable than the lower hydride and decomposes more rapidly. We have 

taken an x-ray pattern at room temperature of material whose bulk composi- 

tion was FeTiHl. 75,  but it is quite possible that some decomposition took place 

in the process of obtaining the diffraction pattern. Only 5 lines were observed, 

which are listed in Table m. Three of these (2, 3, 4) are lines which a re  

also observed with FeTiH and one (5) is a line observed with unhydrided FeTi. 

On this basis no identification can be made. However, it does appear that the 

crystal structure is quite similar to that of the monohydride phase; a presump- 

tion which is supported by the low critical temperature of P-7 two phase region. 

1 
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For unequivocal results low temperature diffraction studies would have to 

be carried out. 

The FeTi phase is homogeneous in the composition region extending from 

45.9% Ti  to 48.2% Ti. The equetomic composition is 46.17% Ti; thus an 

appreciable amount of Ti can be dissolved in the intermetallic phase. This 

fact may be responsible for the behavior illustrated in Figure 5, in which the 

starting alloy was enriched in T i  to the extent that i ts  initial composition, 

49.3 wt/% Ti and 50.7 wt/% Fe, w a s  slightly above that corresponding to the 
. ._ .. ,... ,-, . . . ._. . _  . . .  . .  .. 

u u a 5 ; l c  yiurac ~ c ~ i u i i .  iiic iau&.r iii \D/ 116- mcii a%iiurcoiiriy uiaLur leu, uie 

equilibrium dissociation pressure markedly decreased and the boundary between 

the lower and higher hydride almost indistinguishable. Such a situation is not 

without precedent and a somewhat similar effect occurs in the LaNi -hydrogen 

system when excess nickel is added to the starting alloy, l1 i.e. the dissocia- 

tion pressure of the hydride is increased by a factor of over three upon increasing 

the nickel content of the alloy from LaNi4.go to LaNi 

obtain reproducible behavior it is advisable to control the intermetallic composi- 

tion as closely as possible. Upon increasing the T i  content to 63.2 wt/%, the 

pressure-composition isotherm (C) is greatly distorted as also shown in Figure 

5. This alloy was annealed at 1000° for 12 hours, and then quenched in an un- 

successful attempt to prepare metastable FeTi ; but only FeTi and T i  were 

produced. After hydriding, an  x-ray diffraction pattern of the product indicated 

the presence of FeTmm2, TmW2, TiFe and Ti. The increased amount of resid- 

ual hydrogen in the solid is undoubtedly due to the presence of the stable titanium 

hydride. 

5 

Thus, in order to 5. 5' 

2 

Upon departing from the single phase region in the opposite direction, i. e. 

that of higher iron content, there appears to be no significant effect other than 
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a reduction in the amount of hydrogen sorbed as shown in Figure 5. The start- 

ing alloy w a s  a two-phase mixture, Fe T i  and FeTi, having an overall composi- 

tion of 60.5 wt/% Fe and 39.5% Ti. The isotherm (A) is essentially congruent 

with that obtained with FeTi, indicating little interaction between the two phases 

or solid solubility of Fe in TiFe; an observation which is in accord with the 

known homogeneity range of FeTi. The amount of hydrogen actually sorbed is 

somewhat less than that expected from the proportionate amount of FeTi pre- 

sent in the alloy, which may be due to the mere physical presence of Fe Ti. 

II. APPLICATION TO HYDROGEN STORAGE 

2 

2 

We have noted previously the advantage of using certain metal hydrides as 

a storage medium for hydrogen fuel. 3 9  4' l2 Iron titanium hydride was included 

in this group and, as we became more familiar with its properties, i t  appeared 

to be an outstanding candidate as a hydrogen storage medium when measured 

against the following criteria: cost, hydrogen content and availability, and 

safety. 

A simplified diagram in Fig. 6 shows a hydrogen storage reservoir of 

F e T a W 2  integrated with a hydrogen burning energy converter. The heat of 

decomposition is supplied from the waste heat of the energy converter by circu- 

lating its coolant through a heat exchanger in contact with the metal hydride. 

The heat, of course, must be supplied at  a rate consistent with the fuel demand 

of the converter. For example, if the reservoir temperature can be maintained 

at  -25°C by the waste heat, the hydride is readily capable of delivering H fuel 

continuously, at high flow rates and at pressures in excess of one atmosphere. 

If the heat supply is insufficient the bed wil l  progressively cool and the H 

flow will  decrease until a balance is struck between the decomposition rate 

and the available heat. When the bed is exhausted it can be regenerated by 

following the opposite procedure, i.e.,  the bed is contacted with hydrogen a t  

2 

2 
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a pressure substantially above the dissociation pressure, making due allow- 

ance for  hysteresis (Fig. 3) and a coolant is circulated through the bed to re- 

move the heat of reaction. In practice, the composition limits may be expected 

to range from FeTiH to FeTaNl .  85 to give a total of 1.67 wt % available 

hydrogen. 
-0.10 

We have demonstrated in the laboratory the feasibility of the scheme out- 

lined above using a small Wankel engine and two metal hydride reservoirs each 

containing 1.5 Kg of FeTiH The engine was a Sachs type KM48 with a maxi- 

mum output of 8 H. P. ; it was purchased from Sachs Motors Ltd., Pointe-Claire 

Dorval 700, Quebec, Canada. The alloy, FeTi, was  part of a 73 Kg heat sup- 

plied by Cannon-Muskegon Corporation of Muskegon, Michigan. In lots of 

-100 Kg the price was $5.15/Kg. The material contained about 7000 ppm oxy- 

gen which apparently affected the properties of the hydride in two important 

respects, i.e. the maximum hydrogen content was reduced and its equilibrium 

dissociation pressure was increased. However, for our specific purpose these 

changes were not of a critical nature. The reservoirs (Fig. 7) were constructed 

of stainless steel and had an i.d. of 1-3/4 in. and an overall length of 14a in. 

They were made from two 500 ml gas sampling cylinders (Hoke #4HS500) by 

fitting each cylinder with an outlet connection and sintered metal filter disk to 

prevent particle entrainment in the gas stream. Other ancillary equipment 

included a pressure regulator and rotometer, throttling valve, several pres- 

sure gauges and a dynamometer. 

gen fuel4; our purpose here is merely to  demonstrate the application of iron 

titanium hydride as the hydrogen storage medium. We did not optimize the 

storage system in any way or quantitatively weigh such factors as kinetics, 

-2' 

We have previously noted the performance of the Wankel engine using hydro- 
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I 

I 

heat transfer or thermal conductivity of the bed material, but merely chose a 

configuration which we qualitatively judged would be adequate to prove our 

thesis. The system, a photograph of which is shown in Fig. 8, differs from 

the ideal in one respect. For the sake of simplicity the waste heat of the 

engine was not extracted to provide the heat of decomposition of the hydride; 

rather it w a s  supplied by immersing the hydride reservoirs in hot water. 

The FeTi alloy was activated by the procedure outlined in Section 1. Fol- 

low- activation and several hydriding-dehydriding cycles, a composition 

corresponding to FeTiH could readily be attained. During the hydriding 

step, the reservoirs were exposed to hydrogen at a pressure of 60 atm and 

were cooled by immersion in an ice bath. After hydriding, the ice bath was 

replaced with hot water (-50°C) and the reservoirs were connected to the en- 

gine intake manifold through the intermediate H flow control and monitoring 

devices. The hydrogen delivery pressure w a s  regulated at about 25 psia which 

insured good throttling capability. The pressure at the engine intake manifold 

was  slightly below atmospheric and no air regulation or supercharging was 

required. Lubricating oil, normally mixed with the gasoline fuel, was aspi- 

rated into the engine by the gaseous fuel mixture. 

-1.8 

2 

The total amount of hydrogen in the reservoir was  about 54 g of which 

about 50 g were readily and continuously available. At a delivery pressure of 

25 psia the maximum sustainable flow rate of hydrogen was -40 1 STP/min. 

Higher flow rates were possible but could only be maintained for short periods; 

this is attributed to a limitation to the rate of heat transferred to to the reser- 

voirs. It may be pointed out in this regard that the hydrogen evolution rate, 

per unit weight of alloy, is undoubtedly much higher than it would be in practice 

for  a large, working hydrogen storage system. Nevertheless, if desired, an 
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increased decomposition rate could easily be realized through the adoption of 

a more efficient heat exchanger and/or a higher temperature heat source. En- 

gine speed, which ranged from 1000-4000 RPM, was regulated by throttling 

the H2 flow. The dynamometer load w a s  varied from 0 to 2 H. P. 

Although the work described above is of a qualitative nature, there is no 

doubt that its essential purpose was successfully realized. Indeed, the results 

have given an added impetus to a program of a more ambitious scope, which 

has recently been initiated as a cooperative effort by Public Service Electric 

and P-au 6 Nnw _ - - _ _  Tnrany ?-$- Ern:'.'---el >:=:::ys: L:b=r::;;j-, E:; &j;;::i-c i; 

to  design and build a hydride storage reservoir capable of storing and deliver- 

ing a minimum of 4.5 Kg of hydrogen. The reservoir will be part of a pilot 

unit designed to examine the feasibility of storing electrical energy via the 

production, storage and reconversion of hydrogen. This wil l  be accomplished 

by producing hydrogen electrolytically using off-peak power, storing the hydro- 

gen in iron titanium hydride and finally decomposing the hydride to supply hy- 

drogen to a fuel cell which will supply power for on-peak loads. The reservoir 

wil l  have an internal diameter of 12 in. and wil l  be -6 f t  long and will contain 

-409 Kg of FeTi to  give a maximum available hydrogen content of about 6.8 

Kg. The unit wil l  have an internal heat exchanger through which hot (-45'C) 

and cold (-17OC) water wil l  circulate. The hydride wi l l  go through a complete 

sorption-desorption cycle once a day. Sorption will be carried out at a pres- 

sure of approximately 40 atm at a rate of 141 1 STP/min. During the desorp- 

tion portion of the cycle hydrogen wil l  be delivered to the fuel cell at -141 1 

STP/min regulated at a pressure of 3 atm. 

i 
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Table 1 

Relative Partial Molal Quantities Per Gram Atom of Hydrogen 

FH& ) 
I 2 Composition Kcal e. u. Kcal 

FeTiHO. l-FeTiH1. o4 -3.36 -12.7 c0.42 

-3.70 -14.4 +o. 57 

-3.98 -15 .6  +O. 65 

-4.03 - 1 5 . 8  +O. 68 

L 

FeT=l. 20 

FeTNl. 40 

FeTNl. 60 

c 



Relative 
Intensity* 

40 

1? 

100 

19 

50 

20 

20 

* by visual inspection 

68 

Table 11 

1 
d Spacings for FeTiH 

d obs. 

2.2488 
r) 10131 -. &"-* 

2.1454 

1.9950 

1.5676 

1.2840 

1.2553 

d calc. 

2.2488 
n *0"1 
Y. A""& 

2.1472 

1.9990 

1.5644 

1.2840 

1.2474 

hkl - 
110 
.. i . 
uu'i 

103 

112 

201 

2 04 

007 
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Table III 

d Spacings Observed with FeTiH,l. o4 

Line No. 

* by visual inspection 

Intensity* Observed d Spacing,w 

10 2.391 

50 . ' 2.320 

20 2.243 

100 2.186 

20 2.090 
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Figure 1 - Pressure-composition isotherm 
for the FeTi-H system. The initial alloy 
composition was 53.6% Fe and 46.7% Ti. 
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Figure 3 - Hysteresis in the FeTi-H system. 
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IOOO/T ( O K )  

Figure 4 - Equilibrium dissociation pressure 
vs .  reciprocal temperature for FeTiH,. 
A) FeTiH0. l-FeTiHl; B) FeTiHl. 2; 
c) FeTiHl 4; D) FeTiHla6. 
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I O  
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0. I 
0.2 0.4 0.6 0.8 1.0 1.2 . 1.4 

ATOM RATIO H/ (Fe+Ti )  

Figure 5 - Pressure-composition isotherms 
for allovs of various Fe/Ti ratios at 40OC. 

I 

A) 60.5”wt %,Fe, 39.5  wt % Ti; B) 50.5 wt % 
Fe, 49.2 w t  % Ti; C )  36.7 wt % Fe, 63; 2 wt 
% Ti. - 
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Yk  I I CONVERTER 

C O N V E R T E R  1 
COOLANT L O O P  

Figure 6 - Schematic of an Integrated Metal 
Hydride-Energy Converter System. 
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Figure 7 - Metal Hydride Reservoirs - Each 
Reservoir Contains 1.5 Kg of FeTWwl. 8. 
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CARBON MONOXIDE AS A FUEL 

D. G.  Walker 

Tenneco Chemicals, Inc. ,  Intermediates Division, Pasadena, Texas 

The purpose of t h i s  t a l k  is twofold. F i r s t ,  t o  f ami l i a r i ze  you with a process 
f o r  t he  separa t ion  of CO from gaseous mixtures which i s  ca l l ed  COSORB. COSORB 
cheaply and e f f i c i e n t l y  produces pure carbon monoxide from an ambient temperature 
and pressure  gaseous mixture. 
would produce pure CO f o r  transmission and use  a s  a fue l .  This coa l  gas i f i ca t ion  
process cons i s t s  of (1) a slagging-ash gas producer using compressed a i r  as  oxidant,  
(2) gas processing u n i t s  t o  ex t r ac t  t he  sens ib l e  hea t  of t he  producer gas as steam, 
i s o l a t e  t he  t a r  and benzols produced and sepa ra t e  the  s u l f u r ,  dus t ,  and nitrogen 
containing compound from t h e  gas ,  (3) COSORB which separa tes  t he  CO from the res,t of 
t h e  pu r i f i ed  producer gas  (mostly n i t rogen) .  

R. M. Jimeson, a t  the  recent  Dal las  meeting of t h i s  d iv i s ion ,  ou t l ined  a t  
iriigui w;iy d coal  r e r i n i n g  inauscry neeas KO evolve i n  t n e  iunnealate ruture.  a>% o r  
the  t o t a l  chemical f u e l  reserves of t h i s  country a r e  coal.  Y e t  coa l  is d i r ty .  In  
addi t ion  t o  smoke problems, the  s u l f u r  and n i t rogen  content of coal go out the  s t ack  
during its combustion i n  a b o i l e r  p l an t .  
fu tu re  expansion of raw coal  burning. 
clean-up is  very expensive and only p a r t i a l l y  e f f ec t ive .  
discussed here hopefu l ly  i s  an economically sens ib l e  way t o  use  coa l  as  an energy 
source.  It re f ines  the coa l  by g a s i f i c a t i o n  near t he  mine, p u r i f i e s  t he  gas, 
removes s u l f u r  and n i t rogen  containing impur i t ies ,  and then t ranspor t s  t he  pure CO 
by p ipe l ine  to  the  energy consumer. 
be  p rac t i ca l ly  n i l .  

It is t o  be emphasized t h a t  t h i s  process is  completely unthinkable without an 
e f f i c i e n t ,  cheap sepa ra t ion  of CO from ni t rogen  by a process such as  Tenneco's COSORB. 
No such process has even been proposed before because COSORB d i d  not e x i s t  before.  

On t he  f i r s t  s l i d e ,  a diagram of COSORB is shown. The process has two packed 
towers, an absorber and a s t r ippe r .  A copper containing solvent i s  c i rcu la ted  
through the  absorber where t h e  so lvent  i s  contacted with a gaseous mixture, f o r  
i l l u s t r a t i v e  purposes, a mixture of N 2  and CO. 
"coordinately" complexes t h e  CO and absorbs it i n t o  the  so lvent .  N p  is untouched and 
d isso lves  i n  the so lven t  only by physical forces .  
content of the  n i t rogen  down t o  l e s s  than 1000 ppm. 
t h e  bottom of t h e  absorber t o  a hea t  exchanger where i t  g ives  up a l a r g e  f r ac t ion  of 
t he  dissolved CO t o  the  gas phase. 
d r ives  t h e  CO quan t i t a t ive ly  out of t he  so lvent .  The hot lean  so lvent  flows through 
the  heat exchanger where i t  i s  cooled and then fed i n t o  the  absorber t o  complete the  
c i r c u i t .  
t h e  CO by l e t t i n g  down t h e  n i t rogen  from its pressure  i n  the  absorber t o  one 
atmosphere. The s t r i p p e r  is run a t  some 5 ps ig  o r  so  pressure.  

problems ex i s t .  

Second, to  d i scuss  a coa l  g a s i f i c a t i o n  process which 

Environmental problems w i l l  no t  allow 
Yet scrubbing s t ack  gases f o r  environmental 

The proposed process t o  b e  

Pol lu t ion  problems faced by the consumer would 

The copper ca t ion  in the  solvent 

It is q u i t e  easy t o  ge t  the  CO 
The CO r i c h  solvent flows from 

In  the  s t r i p p e r ,  a bo i l ing  aromatic compound 
, 

A turb ine  compressor is shown i n  the  diagram t h a t  may be  used t o  compress 

The e n t i r e  apparatus f o r  COSORB is b u i l t  of simple mild steel. No corrosion 

Packed towers no taller than t h i r t y  f e e t  a r e  more than adequate t o  
allow the  quan t i t a t ive  separa t ion  a t  mi l l i on  lb/day carbon monoxide r a t e s .  
u t i l i t i e s  necessary are cooling water,  low pressure  steam, and e l e c t r i c i t y  s u f f i c i e n t  
to pump the  solvent from the  s t r i p p e r  column t o  t h e  absorber. 

Having acquainted you with the  COSORB process,  I now tu rn  t o  d iscuss  a coa l  t o  
CO energy complex. 

Figure 5 is a diagram of a slagging-ash producer. 
mixed wi th  a f lux  (l imestone) and t h e  res idua l  ash from burning the  coa l  e x i t s  t he  
producer as 3 l i qu id .  These producers can b e  b u i l t  i n  very l a r g e  un i t s  ( the  b l a s t  
furnace,  a prototype of t h i s  producer, i s  b u i l t  i n  standard s i z e s  of 1000 tons coke 

The only 

The coa l  entering the top is 
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per day). 
production. 
Lurgi process oxygen g a s i f i e r s .  With pure carbon, t he  gas e x i t  temperature i s  from 
1000 t o  12OOC. 
because p a r t  of t he  sens ib l e  hea t  a r i s i n g  from the  r eac t ion  of C to  CO w i l l  be used 
to  d i s t i l l  the t a r ,  benzol, and moisture i n  the  coa l  o u t  of the coal on top of the  
very hot r eac t ion  zone. 
producer as  l a t e n t  hea t  of combustion of CO whi le  t he  remaining 28% w i l l  be  sens ib l e  
hea t  i n  the  gas. 

producer gas goes t o  a steam generation u n i t  where a l l  poss ib le  sens ib l e  hea t  is 
transformed t o  steam. This steam is  used a s  the  d r ive r  i n  the  succeeding u n i t s  and 
a l so  i n  the COSORB process t o  sepa ra t e  CO from the  producer gas. 

temperature coking of t he  coa l  i n  question. 

the  gas. 

organics and nitrogen and s u l f u r  from the  gas. 

used t o  f i n a l l y  prepare t h e  gas f o r  feed t o  COSORB. A t  t h i s  s tage ,  the  dry 
producer gas  w i l l  b e  33% CO with smal l  amounts of H p ,  CH4, and COP and the  balance 
nitrogen. 

This dry gas i s  then fed  t o  COSORB (Fig. 1 ) .  In  the  absorber a t  100 psig and 
ambient temperature, the  CO i s  quan t i t a t ive ly  absorbed i n  the  solvent whi le  t h e  
n i t rogen  goes overhead. 
t he  pure CO. Considerable excess energy is ava i l ab le  here  and would be  used t o  
compress p a r t  of t he  a i r  needed i n  Fig. 2 f o r  t h e  gas producer. 

up t o  400 miles t o  power genera t ion  s t a t i o n s  o r  i n d u s t r i a l  complexes f o r  use a s  fuel.  

Its f u e l  va lue  per un i t  volume i s  only 1 / 3  t h a t  of methane. 
f o r  t r anspor t  by p ipe l ine ,  but no t  a severe  one as long as t h e  d is tances  are 
reasonable. 
13% of i t s  f u e l  value. 

Its gross  and net hea t  of combustion are the  same. Methane uses only 90% of its 
gross heat of combustion i n  almost a l l  of i ts  f u e l  uses. CO has a h igher  octane 
number than methane. I n  a gas engine, f u l l y  25% more horsepower can b e  de l ivered  
with CO than with methane a s  fue l .  

This 
might be of grea t  p r a c t i c a l  use i n  p laces  where a very hot ,  bu t  completely dry gas 
product is needed. 

Engineering es t imates  f o r  a COSORB based process and summarized on  Fig. 4 f o r  
a very l a r g e  CO producing complex, the complex s i z e  is 668 x l o 6  SCF/day CO. This 
is equivalent i n  de l ivered  BTU'S t o  a 250 m i l l i o n  SCF/day r a t e  of methane. 

than t h i s  by the amount of tar and benzol d i s t i l l e d  i n  the  gas producer. 
e ight  percent of t h e  hea t  value of carbon would appear as sens ib l e  hea t  i n  t h e  
producer gas upon oxida t ion  t o  CO. This hea t  is  equivalent t o  3 . 5  m i l l i o n  pounds of 
steam per hour. 
f i c a t i o n  u n i t s  fo r  the  gas feed and a l so  t o  opera te  a COSORB un i t  f o r  t h e  separa t ion  
of co from nitrogen. 

One primary process d r ive r  (100,000 H.P.) operates from exhausting nitrogen. 
A second process d r ive r  is used (112,000 H . P . )  f o r  a i r  compressing. Only the l a t t e r  
would need fue l .  This f u e l  i n  a turb ine  would b e  about 1 4 %  of t h e  hea t ing  value of 
the  CO produced. 

method of coa l  gas i f i ca t ion  than any method which uses oxygen as  oxidant and which 
synthesizes methane as  product. 

Under pressure,  they a l so  can be run  a t  very high s p e c i f i c  r a t e s  of 
These producers have a s p e c i f i c  production r a t e  fourfold t h a t  of t he  

The gases ex i t i ng  a coa l  fed producer w i l l  be  a t  a lower temperature 

72% of t h e  energy of t h e  carbon reacted w i l l  e x i t  t he  

On s l i d e  2 ,  a l i n e  diagram of t h e  coa l  t o  CO complex is shown. The heated 

Tar and benzol a r e  made i n  q u a n t i t i e s  similar t o  those obtained by low 

One of the seve ra l  developed e f f i c i e n t  processes is then used t o  desu l fu r i ze  

An ac t iva ted  carbon u n i t  is then used f o r  f i n a l  clean-up t o  remove a l l  heavier 

A drying s tep  (very probably a glycol-solvent absorber and s t r i p p e r )  is then 

A tu rb ine  lets down t h e  pressurized nitrogen and compresses 

This energy complex would be  at the  mine. The product CO could be  transported 

On s l i d e  3, I have pu t  darn some s a l i e n t  po in t s  of i n t e r e s t  about CO as a fuel.  
This is a disadvantage 

CO may be t ranspor ted  400 miles by p ipe l ine  a t  an energy c o s t  of only 

A s  f u e l ,  CO is super ior  t o  methane. It contains no water i n  i t s  combustion gas. 

CO can produce a completely dry hot  gas i f  t he  combustion a i r  is d r i ed .  

The u n i t  g a s i f i e s  10,800 tons of carbon p e r  day. The tons coa l  would be l a rge r  
Twenty- 

About 2.2 mi l l ion  pounds of steam is enough t o  d r ive  a l l  t h e  puri-  

It is  my opinion t h a t  t he  process discussed is a much more promising economical 
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CO does n o t  have t h e  BTU per SCF t o  s u b s t i t u t e  f o r  methane in t he  present  gas  net- 
work. However, i t  needs emphasis t ha t  two-thirds o f  the present  use  of methane is 
in i n d u s t r i a l  o r  e l e c t r i c i t y  use. 
homes o r  o ther  non- indus t r ia l  usage. 

methane t o  CO without g r e a t  problems. 
supply could be assured to continue home heating. 

Only 1/3 of t h e  methane present ly  used goes t o  

I n d u s t r i a l  and e l e c t r i c a l  generating uses of methane could be.switched from 
This would conserve methane, so tha t  an ample 
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FIG. 2 - ENERGY COMPLEX: COAL- CO 

CARBON MONOXIDE AS FUEL 

HEATING VALUE: 340 BTU/SCF 

COMBUSTION EQN: CO +302 +2N24 C02 + 2N2 

C O X H ,  RELATIVE ENERGY DENSITY: 1.25/1 

USEABLE COMPRESSION RATIO 
IN OTTO CYCLE ENGINE: >9 
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COAL-CO ENERGY COMPLEX 4 

0 SIZE: 668 x IO6 SCF CO/DAY 
0 GASIFIER P: 115 PSlG 

t co P: 100 PSlG 
b 0 CARBON GASIFIED: 10,800 TONS/DAY 

0 DRIVE: TRANSFER TURBINE 100,000 H.P. 
AIR COMPRESSION 11 2,000 H.F? 

COSORB SOLVENT: 67,000 GPM 
' STEAM USED: 2.23 x IO6 #/HR. 

0 STEAM EQUIVALENT 

I 

OF GAS SENSIBLE HEAT: 3.56 x IO6 #/H.R. 

- -  

BOILER MULTICYCLONES 

~ ~ ~ 0 ~ ~ ~ 0 ~  DUST 

$. 
STEAM 
250 
PSlG 

FIG. 5 

MOLTEN ASH 
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t h a t  demand w i l l  exceed l o c a l l y  u t i 1  i s e d  p roduc t i on  by 6,800,000,000,000 cub ic  fee t  
d u r i n g  t h e  year 1980 - (a 18,600,000,000 CFD d e f i c i t )  (Reference - The Economist 
I n t e l l i g e n c e  U n i t  L t d ) .  

Japan s i m i l a r l y  w i l l  have a d e f i c i t  by 1980 f o r  which est imates vary widely .  
Economist I n t e l l i g e n c e  U n i t  f o r e c a s t  t h e  f i g u r e  f o r  t h e  year 1980 as 
600,000,000,000 c u b i c  f e e t  ( I  ,640,000,000 CFD). ' 

Trans-oceanic t r a n s p o r t a t i o n  o f  n a t u r a l  gas i n  the  l i q u i d  form (LNG) from 
c o u n t r i e s  w i t h  su rp lus  supp l i es  has been seen as one means o f  making up these 
d e f  i c i  t s .  

A major problem assoc ia ted  w i t h  the  LNG scheme i s  the p r o v i s i o n  o f  t r a n s p o r t a t i o n  
vessels .  
d e l i v e r y  schedule and t h e i r  c o s t s  a r e  ex t reme ly  h i g h  and s t i l l  e s c a l a t i n g  r a p i d l y .  

An a l t e r n a t i v e  means o f  t r a n s p o r t i n g  " n a t u r a l  gas" i s  now being s tud ied  i n  g r e a t  
d e t a i l .  The idea i s  t o  conver t  t he  n a t u r a l  gas a t  i t s  source t o  f u e l  q u a l i t y  
methanol (or  L i q u i d  Chemical L.C.F) and t o  s h i p  the  methanol i n  convent ional  
tankers f o r  bu rn ing  d i r e c t  as f u e l  a t  t h e  user  l o c a t i o n ,  o r  conver t  t h e  methanol 
t o  SNG ( S u b s t i t u t e  Na tu ra l  Gas) t o  supplement t h e  l o c a l l y  produced n a t u r a l  gas. 

Economic comparisons between the  two schemes have been discussed elsewhere and the  
general o p i n i o n  i s  t h a t  bo th  types o f  p l a n t  w i l l  be b u i l t .  

The p l a n t s  to produce "methanol f u e l "  i n  economic q u a n t i t i e s  w i l l  be f a r  l a r g e r  
than the methanol p l a n t s  now being bui  1 t f o r  "chemical q u a l i t y  methanol". 

The 

Cryogenic tankers a r e  r e q u i r e d  which a t  present  are on a 5 t o  7 year 

LARGE PLANT 

Con t rac to rs  i n  the  process i n d u s t r y  and equipment vendors a re  being c o n t i n u a l l y  
asked t o  supply l a r g e r  p l a n t s  i n  o rde r  t h a t  t h e  chemical producer, r e f i n e r y  
ope ra to r  and fue l  s u p p l i e r ,  can keep pace w i t h  the  eyer  i nc reas ing  demand f o r  more 
and cheaper p roduc t .  Fo r  example, s i n g l e  stream a m n i a  p l a n t s  have increased i n  
s i z e  from I50 TPD o f  ammonia t o  1,500 TPD i n  about one decade. The i n d u s t r y  now 
faces a much l a r g e r  increase i n  the  s i z e  o f  methanol p l a n t s  when the " f u e l  q u a l i t y  
methanol" schemes proceed. 
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In a p e r i o d  f rom 1968 u n t i l  I975 we a r e  expec t i ng  t o  see an increase i n  c a p a c i t y  o f  
a methanol p l a n t  from 150 TPD t o  25,000 TPD. 
p roduc t i on  cos ts ,  t h i s  25,000 TPD p l a n t  should be made up f rom the  minimum number 
o f  s i n g l e  streams. 

I n  o r d e r  t o  achieve t h e  minimum 

PROCESS ROUTE TO METHANOL FUEL 

The n a t u r a l  gas which i s  c u r r e n t l y  be ing  o r  t h a t  w i l l  be f l a r e d  i n  areas such as 
the  Middle East can be conver ted to  methanol by the  f o l l o w i n g  process rou te .  (See 

\ F ig ,  I). 

The process c o n s i s t s  o f  t h ree  b a s i c  s teps: -  

Steam re fo rm ing  o f  desulphur ised n a t u r a l  gas. 
Compression t o ,  and syn thes i s  a t ,  100 atmospheres. 
Dehydrat ion t o  the  requ i red  c a l o r i f i c  va lue q u a l i t y  by  d i s t i l l a t i o n .  

1 Reforming 

I 

Desulphur ised n a t u r a l  gas i s  mixed w i t h  steam, reformed under op t im ised  
c o n d i t i o n s  i n  a t u b u l a r  re fo rmer ,  and then  cooled. 

2 Compression and Synthes is  

Cold synthes is  gas i s  fed  by c e n t r i f u g a l  compression t o  t h e  syn thes i s  loop 
where the  methanol i s  formed. 

Excess hydrogen i s  purged d i r e c t l y  f rom t h e  loop and burned i n  the  re fo rm ing  
furnace, thus  m a i n t a i n i n g  t h e  o v e r a l l  p l a n t  e f f i c i e n c y  a t  a h i g h  l e v e l .  

3 Dehydrat ion 

Separat ion o f  water  and d i sso l ved  gases f rom t h e  L.C.F i s  achieved i n  a 
s imple s ingle-column d i s t i l l a t i o n  system. 

THE STEAM REFORMER I S  THE MAJOR P I E C E  OF EQUIPMENT I N  THE METHANOL PLANT 

The steam reformer i s  t h e  most impor tan t  and expensive s i n g l e  i tem o f  equipment i n  
the methanol p l a n t .  I t  i s  t h e r e f o r e  impor tant  t o  op t im ise  t h e  s i z e  and number o f  
steam reformers r e q u i r e d  t o  produce 25,000 TPD o f  methanol w i t h i n  techn ica l  
l i m i t a t i o n s .  To date,  the  l a r g e s t  steam reformer i s  o p e r a t i n g  i n  a methanol p l a n t  
a t  C lear  Lake Texas (Celenese Chemicals Co) and con ta ins  600 re fo rm ing  tubes. 
Th is  p l a n t  can produce 1,500 TPD o f  methanol by a s i m i l a r  r o u t e  t o  t h a t  descr ibed 
above, o r  1,800 TPD by s l i g h t l y  mod i f i ed  process rou te .  

The f o l l o w i n g  t a b l e  shows t h e  number o f  re fo rm ing  tubes r e q u i r e d  f o r  t he  range of 
methanol p l a n t s  discussed. 

Reformer Tubes (approx) 
Methanol Output TPD 4" 1.D; 40' heated l e n g t h  

150 60 
1,500 600 
5,000 2,000 

25,000 10,000 

1,500 600 
5,000 2,000 

25,000 10,000 
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OPTIMUM PLANT SIZE 

The bas i s  o f  t h i s  paper i s  t h a t  a s i n g l e  stream methanol p l a n t  can be b u i l t  to  
produce 5,000 TPD o f  methanol .  F i v e  such i d e n t i c a l  p l a n t s  w i l l  be requ i red  to 
produce 25,000 TPD. 
approx imate ly  2,000 tubes, which i s  i n  excess o f  t h r e e  t imes t h e  w o r l d ' s  l a r g e s t  
o p e r a t i n g  s i n g l e  stream fu rnace.  

We a r e  thus t a l k i n g  o f  a re fo rm ing  furnace c o n t a i n i n g  

Improvement t o  c a t a l y s t s  and reformer equipment a r e  c o n t i n u a l l y  be ing  impl imented. 
Increases i n  o u t p u t  f rom these improvements a r e  d isregarded i n  t h i s  paper because 
they  a r e  i n s i g n i f i c a n t  w i t h  respect  t o  t h e  magnitude o f  t h e  increase i n  ou tpu t  
requ i red  f o r  the  economic p roduc t i on  o f  L.C.F. 

The reasons f o r  s e l e c t i n g  5,000 TPD methanol p l a n t  a r e  tWo f o l d :  

1 Equipment o t h e r  than the  re fo rmer  i s  proven commercial ly a t  t h i s  s i z i n g .  

L ine i nc reas ing  s i z e  or rerormers ove r  t n e  years p r o j e c t e d  t o  1976 show a 
progress ion t o  approx imate ly  2,000 re fo rm ing  tubes. (F igu re  11). 

Th is  paper con t inues  w i t h  t h e  d e s c r i p t i o n  o f  a s i n g l e  stream 2,000 tube re fo rmer .  

STEAM REFORMER 

A steam reformer c o n t a i n s  a number o f  re fo rm ing  tubes which a r e  b a s i c a l l y  heat 
t r a n s f e r  tubes f i  1 l e d  w i t h  c a t a l y s t .  
a r e  passed through the  tube where they  r e a c t  endothermica l ly .  These tubes a r e  
h e l d  v e r t i c a l l y  i n  a d i r e c t  f i r e d  furnace box. The o u t p u t  o f  t h e  p l a n t  i s  

The process reactants ,  (steam and hydrocarbon) 

dependent on the  f o l l o w i n g :  > 
1 The number o f  tubes. 

2 The phys ica l  d imension o f  t h e  tubes. 

3 The o p e r a t i n g  c o n d i t i o n s .  

4 The ana lys i s  of t h e  t o t a l  f eed  t o  t h e  re fo rmer .  

5 The a c t i v i t y  o f  t h e  c a t a l y s t .  

TUBE DESIGN PARAMETERS 

Some o f  the impor tan t  des ign  parameters o f  t h e  re fo rm ing  tubes and the  l i m i t a t i o n s  
imposed upon them a r e  as fo l l ows :  

Tube Length 

I t  i s  poss ib le  t o  increase the  o u t p u t  o f  a furnace by l eng then ing  a g i ven  number o f  
re former tubes and thereby i nc reas ing  the  volume a v a i l a b l e  f o r  c a t a l y s t .  

Ac tua l  cos ts  prove i t  i s  m r e  economical t o  inc rease t h e  l eng th  o f  a g i ven  number 
o f  tubes than t o  m a i n t a i n  tube dimensions and increase t h e  number o f  tubes. 
B e n e f i t s  from i n c r e a s i n g  t h e  l e n g t h  a r e  a v a i l a b l e  u n t i l  l i m i t e d  by one o f  the  
f o l l o w i n g  f a c t o r s .  
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Pressure Drop through t h e  c a t a l y s t  packed tube. 

I n  o r d e r  t o  l i m i t  t he  pressure drops through t h e  p l a n t  t o  an accep tab le  l e v e l ,  
t h e  maxlmum heated l e n g t h  of a tube, c u r r e n t l y  be ing  considered, i s  50 f e e t  
g i v i n g  a pressure drop through t h e  tube i n  t h e  o r d e r  o f  70 p s i .  

Thermal Expansion. 

As the  reformer tubes opera te  a t  e leva ted  temperatures, . the tubes expand 
when heated from the  ambient to  o p e r a t i n g  temperatures. 
be taken up by the  a d j o i n i n g  pipework,  making i t s  des ign r a t h e r  cumbersome. 

Compression Load a t  e leva ted  temperatures.  

I t  i s  necessary, due t o  t h e  l e n g t h  and r e l a t i v e  smal l  d iameters o f  t he  tubes, 
t o  min imize the  s e l f  weight  compressive load on  t h e  tube. 
p a r t i a l l y  suppor t i ng  t h e  tube a t  t he  t o p  by e i t h e r  counter-weights o r  by 
tens ion ing  spr ings .  
seems t o  be the  optimum. 

Th is  expansion has t o  

T h i s  i s  done by 

Whichever method i s  used, a tube leng th  f rom 40-50 f e e t  

Tube Diameter 

Inc reas ing  t h e  diameter o f  t h e  tube achieves a l a r g e r  volume a v a i l a b l e  f o r  c a t a l y s t  
f o r  a g i ven  number o f  furnace f i t t i n g s ,  as does lengthening t h e  tube. A l though i n  
inc reas ing  t h i s  dimension c o n s i d e r a t i o n  must be g i ven  t o  t h e  f o l l o w i n g :  

a Inc reas ing  the  hoop s t r e s s  i n  t h e  tube. 

T h i s  w i l l  i nc rease t h e  th i ckness  o f  t h e  tube w a l l ,  o f f e r i n g  a h ighe r  
r e s i s t i v i t y  t o  heat t r a n s f e r ,  r e s u l t i n g  i n  h ighe r  tube w a l l  temperatures.  
The h ighe r  tube w a l l  temperature aga in  increases t h e  w a l l  t h i ckness  and 
t h e r e f o r e  an economic optimum diameter must be chosen. 

Decreasing the  tubes '  heat t r a n s f e r  su r face  area f o r  a g iven volume o f  
c a t a l y s t .  

Th i s  increases t h e  tube w a l l  meta l  temperatures and hence t h e  tube w a l l  
th ickness r e s u l t i n g  from t h e  h ighe r  heat  f l u x e s  requ i red  t o  pass t h e  heat o f  
reac t i on .  

b 

c Reduct ion i n  the  gas s i d e  heat  t r a n s f e r  c o e f f i c i e n t .  

Resu l t i ng  again i n  h ighe r  tube w a l l  temperatures and hence t h i c k e r  tube w a l l s .  

The cos t  o f  tube m a t e r i a l  i n  i t s  f a b r i c a t e d  form i s  approx imate ly  $1.25 pe r  
pound weight  (compared w i t h  $0.25 pe r  pound f o r  carbon s t e e l ) ,  t h e  need for 
o p t i m i s a t i o n  then i s  c r i t i c a l  on reformers c o n t a i n i n g  2,000 tubes. 

Tak ing i n t o  account the  above, a l s o  t h e  heat  f l u x  and c a t a l y s t  l oad ing  l i m i t a t i o n s  
imposed by t h e  c a t a l y s t  s u p p l i e r s ,  t h e  economical d iameters f o r  re former tubes 
va ry  between 3f" and 4f" I D  dependent upon o p e r a t i n g  cond i t i ons .  
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Tube P i t c h  

Take one row of tubes f i r s t l y  i t  i s  necessary to  s e l e c t  t h e  tube p i t c h .  
cho ice  i s  governed by mechanical  l i m i t a t i o n s  o f  how c l o s e  toge the r  tubes can be 
p laced and an  economic e v a l u a t i o n  o f  tube w a l l  t h i ckness  a g a i n s t  t h e  p i t c h  se lec ted .  
I n  general  terms, t h e  c l o s e r  the  tubes a r e  toge the r ,  t h e  h o t t e r  t h e  tubes w i l l  b e  
f o r  a g iven s e t  of  o p e r a t i n g  cond i t i ons .  A s  t h e  metal  t h i ckness  o f  t h e  tube i s  
h i g h l y  dependent upon t h e  meta l  temperature o f  t h e  tube an economic tube p i t c h  
i s  essen t ia l  on l a r g e  furnaces.  Tube p i t c h e s  o f  9 t o  1 1  inches a r e  no rma l l y  
chosen a f t e r  economic o p t i m i  s a t  ion .  

T h i s  

Other Va r iab les  

Considerat ion must a l s o  be g i ven  to  c a t a l y s t s  and t h e i r  a c t i v i t y ,  t h e  temperature 
and pressure of  t h e  r e a c t i o n ,  t he  steam t o  hydrocarbon r a t i o ,  o f  t h e  c a t a l y s t s '  
l oad ing :  a l l  of  which can be op t im ised  t o  g i v e  t h e  best p o s s i b l e  ou tpu t  f rom a 
g i ven  number o f  tubes. 

The above c o n s i d e r a t i o n s  leads  t h e  des igner  t o  t h e  dimensions o f  t he  tube and t h e  
p r o x i m i t y  of  t h e  tubes t o  each o t h e r  w i t h i n  a s i n g l e  row. 

TYPE OF FURNACE 

Secondly we must cons ide r  t h e  bas i c  type  o f  furnace which i s  bes t  s u i t e d  t o  l a r g e  
steam re formers .  

Furnaces a re  g e n e r a l l y  c l a s s i f i e d  i n t o  two types :  

i V e r t i c a l l y  f i r e d  m u l t i r o w  furnaces. 

i i  Side f i r e d  furnaces.  

Side F i r e d  

The s i d e - f i r e d  furnace r e l i e s  upon t h e  tube be ing  bounded o n  two s ides  by a 
r e f r a c t o r y  w a l l .  The heat  i s  received by  t h e  tubes f rom t h e  r a d i a t i n g  r e f r a c t o r y  
w a l l .  This,  i n  f a c t ,  l i m i t s  a dimensional  freedom when t r y i n g  to  increase t h e  
s i z e  o f  the furnace. As we have a l ready  discussed, the  heated l e n g t h  o f  a tube i s  
f i x e d  a t  say 401-50' and each tube must be bounded on  two s ides  by a r e f r a c t o r y  
wa l l  : t h i s  leaves j u s t  one dimension f o r  expansion. 

V e r t i c a l l y  F i r e d  Furnaces 

Conversely on  an u p - f i r e d  or  down-f i red furnace t h e  heat t o  the  tubes i s  supp l i ed  
by t h e  r a d i a t i n g  p roduc ts  o f  combustion and n o t  r a d i a t i n g  r e f r a c t o r y .  T h i s  means 
t h a t  we can have n n r e  than one row o f  tubes w i t h i n  the  fu rnace  box. T h i s  then 
a l l ows  f o r  two dimensions o f  freedom. 

S ing le  c e l l  m u l t i - r o w  steam reformer furnaces have been o p e r a t i n g  f o r  many years. 
In f a c t  the m a j o r i t y  o f  re formers o u t s i d e  the  Un i ted  States a r e  o f  t h i s  type. 
The choice between up and down f i r i n g  o f  t h e  mu l t i - row  fu rnace  g e n e r a l l y  breaks i n  
favour  o f  down f i r i n g  when t h e  s i z e  of t h e  furnace and i t s  convect ion s e c t i o n  i s  
l a r g e  enough t o  r e q u i r e  an induced draught  fan t o  ensure good opera t i on .  
breakpoint  i s  g e n e r a l l y  a furnace c o n t a i n i n g  about IO tubes. 

(See F i g u r e  111). 

Th is  
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The fundamental d i f f e r e n c e  between a s i d e - f i r e d  and v e r t i c a l l y  f i r e d  furnace i s  
t h a t  t h e  former requ i res  r e f r a c t o r y  w a l l  t o  e f f e c t  heat supply  to t h e  tubes w h i l s t  
the  l a t t e r  r e l i e s  upon r a d i a n t  heat t r a n s f e r  f rom t h e  combustion gases. 
m u l t i r o w  v e r t i c a l l y  f i r e d  furnaces a r e  cons t ruc ted  w i t h o u t  i n t e r - r o w  r e f r a c t o r y  
w a l l s .  

Thus 

Side F i r e d  o r  Top F i r e d  Furnaces f o r  ve ry  l a r g e  Steam Reformers 

The maximum number o f  tubes than can be s a t i s f a c t o r i l y  conta ined w i t h i n  a s i n g l e  
c e l l  s i d e - f i r e d  furnace i s  approx imate ly  150. T h i s  means about 13 r a d i a n t  boxes 
would be requ i red  t o  produce 5,000 TPD of methanol and 65 boxes t o  produce 25,000 
TPD. 

The l a r g e s t  mu l t i - row  furnace now o p e r a t i n g  con ta ins  600 tubes?: which reduces the  
r a d i a n t  box requirements t o  4 and 16 f o r  t h e  5,000 TPD and 25,000 TPD p l a n t s  
respec t i ve l y .  

Furnaces o f  t h e  m u l t i - r o w  t ype  c o n t a i n i n g  2,000 tubes w i l l  reduce the  r a d i a n t  box 
requirement t o  o n l y  1 and 5 r e s p e c t i v e l y .  

*This 600 tube furnace was designed o n  t h e  Modular concept ( d e t a i l e d  d e s c r i p t i o n  t o  
f o l l o w )  such t h a t  by repea t ing  proven modules any number o f  tubes can be 
accommodated. 

Summary o f  Number o f  Radiant boxes requ i red  by t h e  d i f f e r e n t  furnaces. 

\ 

Number o f  Radiant Boxes. 

Side F i red .  Top F i r e d .  Top F i r e d .  
ou tpu t  150 tubes 600 tubes 2,000 tubes 
(Methanol) pe r  r a d i a n t  box p e r  r a d i a n t  box pe r  r a d i a n t  box 

5,000 TPD 13 4 1 

25,000 TPD 65 16 5 

Th is  t a b l e  shows the  magnitude o f  t h e  va r iance  i n  designs when app l i ed  t o  very  
l a rge  reformed gas requirements.  

The economic and opera t i ona l  advantages o f  s e l e c t i n g  a low number o f  r a d i a n t  boxes 
are  considerable.  Each r a d i a n t  box w i l l  have i t s  own p i p i n g ,  va l v ing ,  
inst rumentat ion,  burners and f l u e  gas exhaust f a n  and a l l  w i l l  r e q u i r e  a t t e n t i o n  
f rom p l a n t  operators .  
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MODULAR FURNACE 

A r a d i a n t  box c o n t a i n i n g  apprax imate ly  2,000 tubes i s  t h e  economic des ign f o r  t h e  
proposed 5,000 TPD methanol p l a n t ,  we now desc r ibe  the  Oavy Powergas Modular 
Steam Reformer. The "MOOULAR" concept  t h a t  a l l o w s  f o r  an almost l i m i t l e s s  
expansion o f  the  reformers.  

Th is  design has been developed o v e r  many years and i s  based upon t h e  exper ience 
gained by ou r  company i n  supp ly ing  o v e r  I70 steam re formers .  

PRIMARY REFORMER (RADIANT SECTION) 

General (See F igu re  IV) 

The modular re former i s  b a s i c a l l y  a box shaped r e f r a c t o r y  l i n e d  chamber, encasing 
the tubes. 

l!: i -  =+--:-I.+ r ~ . . , ~  _I-,, r r n n - r + r . 4  cr  TL- - - K  ----- r . . L - -  . - . . - - - -+-A s a - - + l , - -  - - .  _ .  =. . - . - . . - . . - - . - -. . . . - - - - - - r r - '  --- ...- . - . - .  ...-. -_--- -. - - -  
the feed s tock  header and reformed gas header systems by means o f  smal l  bore tubes 
c a l l e d  p i g  t a i l s .  These p i g  t a i l s  p r o t r u d e  f rom t h e  t o p  and bot tom o f  t h e  furnace 
respec t i ve  1 y . 
The feedstock and steam f l o w  downwards i n s i d e  t h e  c a t a l y s t  f i l l e d  reformer tubes. 
The heat f o r  r e a c t i o n  i s  supp l i ed  by the  p roduc ts  o f  combustion pass ing c o - c u r r e n t l y  
down the  furnace o u t s i d e  the  tubes. 

The f l u e  gases from t h e  furnace f l o w  i n t o  f l u e  gas c o f f i n s  o r  chambers o f  
f i r e b r i c k  c o n s t r u c t i o n  which run  t h e  e n t i r e  w i d t h  o f  t h e  furnace. These a re  
s i t u a t e d  between the  rows o f  tubes. The openings or p o r t s  i n  these c o f f i n s  o f f e r  
a res i s tance  t o  f l o w  which ensures even d i s t r i b u t i o n  o f  t h e  f l u e  gases w i t h i n  the  
furnace box. 

The f l u e  gas c o f f i n s  empty i n t o  a r e f r a c t o r y  l i n e d  c o l l e c t i n g  duc t  which i s  
loca ted  a long t h e  e n t i r e  l eng th  o f  t h e  furnace. 
t o  t h e  Convection sec t i on .  

T h i s  d u c t  t r a n s f e r s  t h e  f l u e  gases 
See F i g u r e  I V .  

MODULAR CONCEPT 

The MODULAR concept e n t a i l s  t he  d e t a i l e d  des ign o f  a standard module o r  s e c t i o n  o f  
the  steam reformer which i s  repeated u n t i l  t h e  reformer i s  o f  t h e  r e q u i r e d  s i ze .  
The module c o n s i s t s  o f  2 rows o f  re fo rm ing  tubes and t h e i r  assoc iated burners.  
I t  can con ta in  up t o  74 tubes and i s  designed such t h a t  i t  may be repeated w i th  
respec t  t o  process, mechanical ,  and s t r u c t u r a l  cons iderat ions.  It i s  t h e  pr ime 
requirement o f  t h e  concept t h a t  e x t r a p o l a t i o n  o f  t h e  b a s i c  des ign i s  e l im ina ted .  

Reformer Tube 

The reformer tubes packed w i t h  c a t a l y s t  a r e  s imp ly  guided and p a r t  supported 
on s t e e l  work below t h e  furnace h e a r t h  p l a t e .  

The tubes a r e  g e n e r a l l y  c e n t r i f u g a l l y  c a s t  25% Cr - 20% N i  - 0.4% Carbon a l l o y  
s t e e l .  24% Cr - 24% N I  1.5% Niobuim s t e e l  which has a h igher  s t r e s s  va l ve  may 
be used i n  p lace  o f  t h e  above m a t e r i a l  b u t  t h e  economics must be c a l c u l a t e d  on  a 
case by case bas is .  
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Burners 

The burners a r e  arranged i n  rows on  each s i d e  o f  t he  tube l i n e s  and a r e  f i r e d  
v e r t i c a l l y  downwards. 
gaseous f u e l s  o r  combinat ions o f  both.  
( e i t h e r  ambient o r  heated) i s  used. 
designed t o  be s e l f  i n s p i r a t i n g .  

I n l e t  and O u t l e t  Header System 

The i n l e t  and o u t l e t  header systems c o n s i s t  o f  a number o f  subheaders arranged 
symmetr ica l ly  about the  furnace and these headers a r e  connected t o  t h e  tubes by 
i n l e t  and o u t l e t  p i g t a i l s .  

Each i n l e t  header i s  connected t o  one row o f  tubes by smal l  bore  p ipes  c a l l e d  p i g  
t a i l s .  These p i g t a i l s  a r e  designed t o  absorb, t h e  h o r i z o n t a l  expansion o f  the  

- 
I 

The burners can be designed t o  f i r e  e i t h e r  l i q u i d ,  o r  
Normal ly f o rced  draught combust ion a i r  

W i th  gaseous f u e l s  t h e  burners can be 

1 

I 

I headers, the  v e r t i c a l  expansion o f  re former tubes and s e l f  expansion. These smal l  , bore p ipes  a l s o  a s s i s t  even feedstock d i s t r i b u t i o n  to a l l  re former tubes by 
hav ing a s i g n i f i c a n t  p ressu re  d rop  through them. 

Each o u t l e t  header i s  connected to  two rows o f  tubes by smal l  bore  tubes c a l l e d  
o u t l e t  p i g t a i l s  made f rom 32% N i  - 20% C r  ( A l l o y  800). 
designed t o  accommodate b o t h  v e r t i c a l  and h o r i z o n t a l  expansions o f  o u t l e t  headers 
and s e l f  expansion o f  t h e  p i g t a i l .  

The reac tan ts  o u t l e t  sub-headers a r e  f a b r i c a t e d  f rom 32% N i  - 20% C r  m a t e r i a l .  
Each subheader has a c e n t r a l  t e e  connect ion and t r a n s i t i o n  p i e c e  t o  t h e  
r e f r a c t o r y  l i n e d  main which t r a n s f e r s  the  product  t o  t h e  next process u n i t  
downstream o f  the reformer.  

I 

These p i g t a i l s  a r e  

CONVECTION SECTIONS FOR LARGE REFORMERS 

With inc reas ing  c a p a c i t i e s  o f  re fo rm ing  furnaces t h e  convect ion s e c t i o n  d u t i e s  
have increased p r o p o r t i o n a t e l y .  The steam genera t i on  on  a 5,000 Te/day Methanol 
p l a n t  can be as much as 1,500,000 Ib /hour .  

Dur ing the  l a s t  decade, maximum steam pressures o n  re fo rm ing  p l a n t s  have 
increased from 400 t o  1500 p s i g .  Due t o  the  above f a c t o r s ,  convect ion sec t i ons  
have changed and a r e  now i n  des ign s i m i l a r  t o  convent ional  type  o f  power s t a t i o n  
b o i l e r  p l a n t .  

Convection sec t i ons  must be "purpose" designed to  meet t h e  i n d i v i d u a l  mechanical 
requirements and o p e r a t i o n a l  f l e x i b i l i t y  o f  t h e  i n d i v i d u a l  p l a n t .  

I n  determin ing the  performances o f  convect ion sec t i ons  t h e  f o l l o w i n g  f a c t o r s  must 
be considered. 

i Thermal Design 

Cor rec t  thermal des ign i s  most important,  o p e r a t i o n a l  problems a r e  
encountered w i t h  ove rsu r fac ing  w h i l e  undersu r fac ing  means a l a c k  o f  
performance. 



92 

i i  C a v i t y  Rad ia t i on  

Cav i t y  Rad ia t i on  e m i t t e d  by the  furnace r e f r a c t o r y  and the  f l u e  gases 
coming f rom the r a d i a n t  box a r e  d i r e c t e d  a t  t he  f l r s t  heat t r a n s f e r  u n i t  
i n  the convec t i on  sec t i on .  
temperature and the volume o f  the  c a v i t y  upstream o f  t h e  f i r s t  u n i t ,  bu t  
i s  independent o f  t h e  ou tpu t  o f  t h e  p l a n t .  
convect ion u n i t s  w i t h  va ry ing  o p e r a t i n g  d u t i e s  from t h i s  constant  source o f  
c a v i t y  r a d i a t i o n .  

I f  the f i r s t  u n i t  i n  the convec t i on  s e c t i o n  was a process steam superheater,  
t h i s  u n i t  would have a v a r y i n g  heat  load dependant upon the  process 
requirement.  When t h e  p l a n t  i s  o p e r a t i n g  a t  reduced loads o r  a p l a n t  
s t a r t - u p  i t  would be subjected t o  the  f u l l  r a d i a t i o n  causing h i g h  metal 
temperatures. 
o f  the u n i t  which increases t h e  cos t  and may in t roduce  m e t a l l u r g i c a l  
problems n o t  exper ienced w i t h  the  lower temperatures and a l l o y s .  

Radiant Sh ie ld  Water Tube B o i l e r s  a r e  t h e r e f o r e  i n s t a l l e d  t o  absorb c a v i t y  
r a d i a t i o n ,  and t h e i r  purpose i s :  

a To absorb h i g h  r a d i a n t  loads p r o v i d i n g  the  f l e x i b i l i t y  t o  i nc lude  
a u x i l i a r y  f i r i n g  w i t h i n  t h e  furnace c o l l e c t i n g  duc t .  T h i s  i s  
sometimes necessary f o r  steam r a i s i n g  and/or process c o n t r o l .  

T h i s  r a d i a t i o n  i s  dependant upon t h e  f l u e  gas 

I t  i s  then necessary t o  safeguard 

T h i s  r e s u l t s  i n  t h e  cho ice  o f  h igher  a l l o y  f o r  t h e  f a b r i c a t i o n  

b P r o t e c t i o n  o f  downstream u n i t s .  

i i i  F lue  Gas D i s t r i b u t i o n  

Natura l  draught furnaces have known problems o f  gas d i s t r i b u t i o n  i n  furnace 
"br idg ing"  sec t i ons  due t o  r e l a t i v e  low gas v e l o c i t i e s .  Wi th  t h e  MODULAR 
furnaces induced draught  i s  prov ided,  g i v i n g  h igher  gas v e l o c i t i e s  which 
o f f e r  i dea l  gas d i s t r i b u t i o n  and the  e l i m i n a t i o n  o f  unbalanced gas 
temperature streams. 

i v  

V 

Induced Draught 

Higher r a t e s  of heat  t r a n s f e r  a r e  achieved w i t h  an induced draught system 
o f f e r i n g  m r e  compact designs. 
rad ian t  box dimensions, and can be designed t o  s u i t  t h e  i n d i v i d u a l  p l a n t  
requirements. 

I n  the Modular f u rnace  waste gases a r e  c o l l e c t e d  i n  a separate duct ,  elsewhere 
and the convec t i on  s e c t i o n  i s  independent o f  main p o i n t .  

Convect ion sec t i ons  need n o t  conform t o  the 

Compact Tube Banks 

Economic use o f  tube c o n f i g u r a t i o n s  and pressure drop evens o u t  i r r e g u l a r  
f l o w  pa t te rns  o r  i r r e g u l a r  f i r i n g  o f  a u x i l i a r y  burners i n  modular furnace 
c o l l e c t i n g  duc t .  

T h i s  i s  a p a r t i c u l a r  problem area i n  s i d e - f i r e d  furnaces. Normal ly  t h e i r  
design c o n s t r a i n t s  r e s u l t  i n  t h e  supply o f  u n i t s  t h a t  a r e  both' long and narrow, 
and have l a r g e  bore heat  t r a n s f e r  t u b i n g  which can g i v e  m a l d i s t r i b u t i o n  o f  
f l u e  gases and uneven meta l  temperatures.  
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v i  C i r c u l a t i o n  

I 

B o i l e r  Water c i r c u l a t i o n  i s  a most impor tant  f a c t o r .  
b o i l e r  systems can be a t t r i b u t e d  i n  one form o r  o t h e r  t o  c i r c u l a t i o n  
problems eg: 

a Pump f a i l u r e  i n  fo rced  c i r c u l a t i o n  systems. 

b Dry-out caused by water loss. 

c I n t e r f e r e n c e  w i t h  c i r c u l a t i o n  by ext raneous ma t te r .  

d 

U s u a l l y  f a i l u r e s  o f  

Water chemist ry  causing b u i l d  up o f  depos i t s ,  o r  c o r r o s i o n  i n  h i g h  
f l u x  zones w i t h  subsequent f a i l u r e s .  

C i r c u l a t i o n  can be e i t h e r  Na tu ra l  o r  Forced. 

Natura l  C i r c u l a t i o n  Systems a r e  p r e f e r r e d  as they  do n o t  r e q u i r e  any 
"prime movers", c i r c u l a t i o n  i s  mainta ined by t h e  "thermodynamics" o f  t h e  
system. Higher c i r c u l a t i o n  r a t e s  e x i s t  w i t h  Natura l  C i r c u l a t i o n  Systems 
than w i t h  Forced c i r c u l a t i o n  Systems. 

With modular designed furnaces,  t he  n a t u r a l  c i r c u l a t i o n  systems i s  always 
o f f e r e d .  

v i  i M a t e r i a l s  

Care fu l  s e l e c t i o n  o f  m a t e r i a l s  t o  c a t e r  f o r  a l l  c o n d i t i o n s  o f  o p e r a t i o n  
and s t a r t  up d u t i e s .  As s t a t e d  i n  t h i s  t e x t  t h e  des ign o f  t h e  Modular 
furnaces convect ion s e c t i o n  a s s i s t  i n  reducing t h e  s e r v e r i t y  o f  t h e  v a r i o u s  
o p e r a t i n g  c o n d i t i o n s  and makes f o r  s a f e r  designed u n i t s .  

v i  i i Steam Drums 

I X  

X 

Steam drums must be adequate ly  s ized ,  n o t  o n l y  t o  p r o v i d e  steam of h i g h  
q u a l i t y  demanded by modern chemical p l a n t ,  but ,  a l s o  t o  p rov ide  a s u f f i c i e n t  
reserve  o f  water "ho ld  up" t o  ma in ta in  c i r c u l a t i o n  t o  " rad ian t "  steam 
generators  d u r i n g  emergency c o n d i t i o n s .  

A i r  Preheat 

Combustion a i r  preheaters  improve the  o v e r a l l  e f f i c i e n c y  o f  t h e  u n i t s ,  and 
these a r e  becoming i n c r e a s i n g l y  impor tant  as f u e l  p r i c e s  con t inue  t o  r i s e .  
For l a r g e  re fo rm ing  furnaces, r o t a r y  regenera t i ve  a i r h e a t e r s  a r e  economical ly  
more a t t r a c t i v e  than t h e  convent ional  s h e l l  and tube types. 

F l e x i b i l i t y  o f  Operat ion & Con t ro l  

Con t ro l l ed  supplementary f i r i n g  i n  furnace c o l l e c t i n g  duc ts  can be 
incorporated t o  produce a d d i t i o n a l  steam which may be r e q u i r e d  to  o b t a i n  t h e  
optimum steam/power balance. 
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The c o n t r o l  o f  steam superheat i s  by adjustments o f  f l r i n g  r a t e s  and/or t h e  
use o f  spray  water a t tempera tors  a t  an i n t e r m e d i a t e  stage i n  t h e  steam 
superheater.  

The f a c i l i t y  f o r  bypassing f l u e  gases around heat t r a n s f e r  u n i t s  i s  
incorpora ted  i n  t h e  des ign  . 
Fur ther  supplementary f i r i n g  a t  in te rmed ia te  p o i n t s  i n  recovery duc t  i s  a 
f u r t h e r  method o f  c o n t r o l  which i s  sometimes incorpora ted .  

Manufacture 

Where p o s s i b l e ,  u n i t s  should be designed t o  min imise  f i e l d  e r e c t i o n .  
manufacture more s t r i n g e n t  c o n t r o l  can be a p p l i e d  t o  m a t e r i a l  i d e n t i f i c a t i o n ,  
workmanship, i n s p e c t i o n  and non-des t ruc t ive  t e s t i n g .  F i e l d  e r e c t i o n  c o s t s  a r e  
u s u a l l y  more expensive than "shop" charges. 

STRUCTURAL DESIGN OF LARGE STEAM REFORMING FURNACES 

Radiant Sect ion 

The s t r u c t u r e  fo rming  t h e  r a d i a n t  s e c t i o n  o f  t h e  Modular Reforming Furnace can be 
considered i o  t h r e e  separa te  p a r t s  :- 

1 

Dur ing  shop 

Top Housing - s u p p o r t i n g  and p r o v i d i n g  weather p r o t e c t i o n  t o  t h e  process 
pipework the  burners  and t o  t h e  suspended r e f r a c t o r y  b r ickwork .  

2 Casing - suppor t ing  t h e  r e f r a c t o r y  b r ickwork ,  burners  and re fo rming  tubes, 
and p r o v i d i n g  weather p r o t e c t i o n  t o  t h e  br ickwork  fo rming  t h e  w a l l s .  

3 Sub-frame - s u p p o r t i n g  t h e  cas ing  and p r o v i d i n g  a r i g i d  " tab le"  over which 
t h e  casing i s  f r e e  t o  t h e r f i a l t y  expand. T h i s  thermal expansion takes p lace  
r a d i a l l y  from an anchor p o i n t  and movement i s  guided on t h e  rec tangu lar  
axes o f  t h e  furnace. 

A l l  t h e  design methods and f a b r i c a t i o n  techniques used f o r  t h e  s t r u c t u r a l  
s tee lwork  of the  r a d i a n t  s e c t i o n  a r e  as s p e c i f i e d  i n  standard s t r u c t u r a l  codes. 

I n  accordance w i t h  t h e  modular concept t h e  major p a r t  o f  t h e  s t r u c t u r a l  s tee lwork  o f  
the r a d i a n t  s e c t i o n  i s  formed by assembling a s e r i e s  o f  standard designed and shop 
f a b r i c a t e d  u n i t s .  Inc luded i n  t h i s  ca tegory  a r e  a l l  h e a r t h  frames, s ide  and end 
casing panels,  i n t e r m e d i a t e  columns, beams suppor t ing  t h e  suspended r e f r a c t o r y  roof 
and t h e  t o p  housing members. By u s i n g  s tandard ised u n i t s ,  f a b r i c a t i o n  t ime and 
e r e c t i o n  per iods  a r e  minimised and t h e  p o s s i b i l i t y  o f  f a b r i c a t i o n  e r r o r s  reduced. 

The maximum s i z e  o f  t h e  r a d i a n t  s e c t i o n  i s  n o t  governed by s tee lwork  design, 
cons idera t ions .  The modular concept has e l i m i n a t e d  almost a l l  t h e  s t r u c t u r a l  
design problems which a r e  encountered i n  des ign ing  l a r g e  convent ional  furnaces. 

Convect i o n  Sect ion 

The s t r u c t u r a l  s tee lwork  o f  the  convec t ion  s e c t i o n  duc t  i s  o f  s i m i l a r  c o n s t r u c t i o n  
t o  t h a t  o f  the  r a d i a n t  s e c t i o n  a l though i t  i s  purpose designed. P r e f a b r i c a t i o n  i s  
maximised to  reduce t h e  e r e c t i o n  p e r i o d .  

4 
i 

I 
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When des ign ing  the  s t r u c t u r a l  s tee lwork  arrangement f o r  t h e  duc t ,  c o n s i d e r a t i o n  i s  
g i ven  t o  t h e  i n i t i a l  i n s t a l l a t i o n  o f  b o i l e r  and superheater u n i t s ;  a l s o  t o  t h e i r  
removal and replacement should the re  be a f a i l u r e  d u r l n g  opera t i on .  

Sect ions o f  s tee lwork a r e  p rov lded  which can be e a s i l y  removed, no rma l l y  complete 
w i t h  the  r e f r a c t o r y  i n s u l a t i o n .  

As w i t h  the  rad ian t  sec t i on ,  thermal expansion o f  t h e  s tee lwork o f  t he  duc t  i s  
catered f o r  by the  p r o v i s i o n  o f  expansion j o i n t s  a t  s t r a t e g i c  p laces and PTFE 
s l i d i n g  bear ings i n  the case o f  a h o r i z o n t a l  duc t .  Spr ing suspension systems a r e  
i n s t a l l e d  where the  convect ion s e c t i o n  i s  a v e r t i c a l  duc t .  

\ 

Conclusion 

The energy shortage i n  c e r t a i n  areas o f  t h e  w o r l d  i s  l ead ing  t h e  s u p p l i e r s  t o  
i n v e s t i g a t e  va r ious  methods o f  t r a n s p o r t i n g  t h e  r e a d i l y  a v a i l a b l e  n a t u r a l  gas f rom 
areas such as the  M idd le  East t o  these areas i n  need o f  energy. 

One method t h a t  i s  ga in ing  i n t e r e s t  and support  i s  t o  produce and t r a n s p o r t  " f ue l  
qual  i t y  methanol". 

Economic s tud ies  i n d i c a t e  t h a t  5,000 TPD methanol p l a n t s  a r e  t h e  optimum s i ze .  
The c r i t i c a l  i t em i n  these p l a n t s  i s  t he  steam reformer and t h i s  paper d iscusses the  
va r ious  types o f  re former a v a i l a b l e .  
u n s a t i s f a c t o r y  f o r  t h i s  du ty  due t o  t h e i r  bas i c  des ign  p r e c l u d i n g  t h i s  t ype  o f  
furnace from increas ing  i n  phys i ca l  s i z e .  

The v e r t i c a l l y  f i r e d  modular t y p e  furnace as developed by Davy Powergas, has t h e  
des ign c a p a b i l i t y  t o  inc rease i n  s i z e .  The wor lds  l a r g e s t  furnace i s  
designed t o  t h i s  concept,  and f rom the  design, e r e c t i o n  and o p e r a t i n g  exper ience 
gained from t h i s  furnace we descr ibe a steam reformer s a t i s f a c t o r y  i n  a l l  aspects  
t o  meet the  new requirements i n  t h e  p roduc t i on  o f  f u e l  q u a l i t y  methanol. 

Side f i r e d  furnaces a r e  considered 
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CLEAN !4JELS FRDM COAL - AN ALTERNATIVE TO SNG 

F. L. Jones and K.  S. Vorres 

The Babcock & Wilcox Company 
Alliance Research Center 

Alliance, Ohio 

A major portion of  current coal gasif icat ion research is  directed toward 
processes for  production of subst i tute  natural gas (SNG) . 
typical ly  on relat ively low temperature, high pressure gasification t o  enhance 
~lr;.Ju~t: yicii i i i  Uit: gasirier, ioiiowei by exrensive waxer gas snir t lng ana 
acid gas removal, and f i n a l l y  a ca ta ly t ic  methanation step. Those portions of 
the SNG processes most critical t o  t h e i r  success-high pressure gasification 
and methanation-re fa r thes t  from being proven technology. 

These processes re ly  

The Methyl Fuel process, however, produces a clean l iquid fue l ,  primarily 
methanol, from synthesis gas produced a t  medium pressures bypassing the problems 
of high pressure gasif icat ion.  
is composed of operations each of which has been proven i n  connnercial applications. 

The process, shown schematically i n  Figure 1, 

PROCESS DESCRIPTION 

Synthesis begins with steam/oxygen gasification a t  22 atm. o r  below and 
a t  temperatures well above lSOOK (2240F). 
ra tes  and high carbon u t i l i z a t i o n ,  with minimdl problems in coal handling and 
feed. Steam gasification is accomplished i n  the upper chamber of a two-stage 
suspension gasif ier ,  with heat being provided by combustion with oxygen of ungasified 
char recyc led to  the lower chamber. The resulting synthesis gas is  v i r tua l ly  
methane-free, consisting pr incipal ly  of hydrogen, steam and carbon oxides. Gasifiers 
of  t h i s  type have been available connnercially for  many years. One example is  
the Belle, W. Va., gas i f ie r  built by B&W f o r  duPont in the early 1950's. 

These conditions insure rapid reaction 



101 

Particulate removal is achieved by a cyclone system, which recycles the 
bulk of the unburned char back t o  the combustion zone of the gas i f ie r ,  followed 
by a venturi-water scrub system which also cools the "make" gas. 

Gaseous s u l f u r  compounds are  removed by a conventional hot carbonate 
scrubbing system, which also removes a portion of the C02 produced in  the 
gasif ier .  
Claus plant. 
steam i n  a water gas s h i f t  reactor to  adjust the re la t ive  concentrations of 
hydrogen and carbon monoxide for  Methyl Fuel synthesis. 
about two-thirds of  those needed for methanation. 

Elemental sulfur is  recovered as a salable byproduct i n  a conventional 
The sweetened synthesis gas is  then reacted catalyt ical ly  with 

Shi f t  requirements are  

A second hot carbonate scrubber removes most of the remaining c02, which 
is  vented to  the atmosphere. 
of the i r  well-known commercial acceptance and economy for  removal of large 
quantities o f  acid gas, although other systems, such as the Rectisol system 
could also be used. 
i n  the Methyl F u e l  process. 

Hot carbonate systems were chosen here because 

In the l a t t e r  case, methane absorption would be no problem 

The sweet synthesis gas is then dewatered and compressed f o r  alcohol 
synthesis, the degree o f  compression depending on the synthesis process used. 
In t h i s  study, we have chosen the Vulcan-Cincinnati, Inc. high pressure process 
par t ly  because o f  the rugged nature and regenerability of i t s  zinc-based catalyst .  

Composition of the gas a t  t h i s  point is hydrogen and carbon monoxide i n  
about a two-to-one ra t io ,  with small amounts of COz, water, nitrogen, and 
methane. 
and small amounts of higher alcohols and water. A condenser removes l iquid 
products, which pass t o  a small refinery operation for  purification. 
product,trademarked Methyl Fue1,is a clean, sulfur and nitrogen-free l iquid fuel 
suitable as a blending agent f o r  gasoline and a subst i tute  for  l igh t  fuel o i l s .  
The fuel has a gross heating value jus t  over 5500 kcal/kg (10,000 Btu/lb), and 
bums cleaner than natural gas. 

The carbon oxides react with hydrogen over a catalyst  t o  form methanol 

The finished 
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A preliminary process study has shown that for suspension gasification 

These 
without char recycle, where carbon losses are about 1 2  percent, we can expect 
an overall t h e d  efficiency of about 63.5  percent for  the process. 
figures are based on actual per'formance of  the B&W Morgantown gasif ier  b u i l t  
for  the Bureau of Mines in the ear ly  1950's('). 

The above thermal efficiency seems low compared t o  eff ic iencies  of 65-70 
percent now being reported for  competitive SNG processes, suggesting that  some 
means may be available for  improving process efficiency. 
of the  high temperature gasification process, only a small number of products 
(CO, c02, H2 and H20) are  formed in  s ignif icant  quant i t ies  in the gas i f ie r ;  
and these a re  re la ted through a mass balance and s h i f t  equilibrium. Thus a 
very simple expression can be derived t o  show the effects  of 'certain gasif icat ion 
v a r i a b l x  on Methyl Fuel production and t h e m 1  efficiency. Methyl alcohol is 
formed through the reactions: 

Because of  the nature 

CO + W 2  - CX30H (1) 
c02 + 3H2 - QI30H + H20 (2) 

which are related through the water gas shift reaction, 

A simple molar balance based on these reactions shows that the maxinun production 
of methyl alcohol is direct ly  proportional t o  the moles of  carbon monoxide and 
hydrogen formed in  the gas i f ie r ,  assuming that  a s h i f t  converter.is available to 
optimize the re la t ive  concentrations of CO and hydrogen, and that  reactions (1) 
and (2) go t o  completion: 

[a30Hl = 1/3  ( [ c ~ l  + 

I f  gasification is complete and methane and tar  

[COI = [Cl f  - [C021 

[OZIf = [ a 2 ]  + 1 / 2  
[H2I = [HzIf - [HzOI 

formation are negligible, 
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where [C],, [H2If and [O,], are  the moles of carbon, hydrogen and oxygen fed 
to  the gasif ier ,  excluding char recycle since i t  is already included i n  the coal 
feed, but including hydrogen and oxygen in the coal and steam feeds; and [ C O ] ,  

[a2], [HZ] and [H20] are  the moles of carbon oxides, hydrogen, and steam i n  the 
synthesis gas leaving the cyclone separators. . Substituting and rearranging, 

From equation (4), then, recognizing that neither carbon gasification nor 
methyl alcohol formation may go to  completion, and that  side reactions occur 

where [CH30H] is the maximum number of moles o f  methyl alcohol produced, % and . 

nG represent the conversion eff ic iencies  of methyl alcohol synthesis and 
gasification, respectively. 
leaving the gasif ier  as gaseous carbon oxides. 
we w i l l  assume complete conversion i n  the Methyl Fuel synthesis loop. 

Then nG [CIf represents the nunber of moles of carbon 
For the purpose of t h i s  paper, 

EFFECT OF OWC RECYCLE 

Using Equation (9), one can determine the effects  of char recycle, C02 
recycle, and steam addition on overall product yield and thermal efficiency. 
B&W Morgantown gasif ier  may be used as a reference, producing 2.641 h o l e s  of  
Methyl Fuel for each 100 kg of West Virginia coal. 
the carbon u t i l i za t ion  efficiency t o  95 percent, the production of Methyl Fuel 
to  2.894 h o l e s ,  and the overall thermal efficiency t o  69.3 percent. 

The 

Addition of char recycle raised 

EFFECT OF C02 SUBSTITUTION 

Substitution of C02 for  oxygen represents one method for  reducing oxygen 
costs. Off-gas from the hot carbonate scrubbers could be compressed and 



104 

recycled back t o  the g a s i f i e r  t o  take advantage of the Boudouard reaction: 

c + co2 - 2 c o  (101 

Treating C02 as t o t a l l y  gasified carbon and oxygen, equation (9) shows tha t ,  
with char recycle, a 10  percent molar subst i tut ion of c02 for oxygen increases 
the methanol y ie ld  t o  3.048 mles/100 kg of coal, and the thermal efficiency 
of the synthesis process t o  73.4 percent. 

In actual pract ice ,  t h i s  efficiency would not be achieved since the 
Boudouard reaction places a heat penalty on the gasif ier  reducing the amount 
of  process steam available for  the remainder of the process. 
penalty i s  made up by combustion of coal i n  an auxiliary boi ler ,  the overall 
process thermal eff ic iency is reduced t o  70.6 percent as shown i n  Figure 2. 
Further substitution o f  continues t o  improve the thermal efficiency of 
the process a t  the expense of gasif icat ion temperature unt i l  carbon u t i l i za t ion  
efficiency decreases, and methane and t a r s  begin t o  form. 
equation (9) no longer holds, and gasification is not suitable for  Methyl Fukl 
production. 

I f  t h i s ' h e a t  

A t  t h i s  point, 

EFFECT OF Sl'EAM/OXYGEN RATIO 

The effect of  a l te r ing  the steam/oxygen r a t i o  may also be shown by equation (9) .  
Steam substitution has the  beneficial e f fec t  of increasing the hydrogen yield 
of  the gasif ier  while decreasing the production of C02. 
a 10 percent molar subst i tut ion of  steam for  oxygen also increases the methanol 
yield t o  3.048 moles/100 kg coal, and the apparent thermal efficiency t o  73.4  
percent. The steam gasif icat ion reaction 

Again using char recycle, 

C + H20 + C O + H 2  (11) 

is also endothermic and places a heat penalty on the system. 
endothermic than the Boudouard reaction, however, resulting i n  a pract ical  thermal 
efficiency of  70.8  percent. 

This reaction is less  
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The thermal penalties produced by C02 recycle and steam subst i tut ion are 
shown in Figure 3 ,  expressed as percent of process heat available compared to  
that  of the Morgantown gasif ier .  The thermal advantage of steam subst i tut ion 
is quite evident, especially a t  higher steam/oxygen rat ios .  

EFFECTS ON GAS TREATMENT 

I f  it is assumed that  the feed t o  the Methyl Fuel synthesis loop is  balanced- 
i .e. ,  in  a two-to-one ra t io  of hydrogen t o  equivalent -then a l l  excess carbon 
w i l l  leave the system as C02 via  the carbonate scrubbers. 
simple carbon balance 

Equation (9) and a 

w i l l  then show the e f fec ts  of char recycle, C02 recycle and steam subst i tut ion 
on acid gas scrubbing load. Figure 4 i l l u s t r a t e s  these e f fec ts  c lear ly ,  showing 
C02 absorber load as a percent of that required for  the Morgantown gas i f ie r  case. 

Raising carbon u t i l i za t ion  efficiency t o  95 percent by char recycle increases 
the ra t io  of CO t o  C02 i n  the gasif ier  and enhances the production of hydrogen. 
More usable carbon is produced, and the C02 absorber load drops to  91.7 percent 
of its original value. 
the c q i t a l  cost in  a Methyl Fuel p lan t ,  and is one of the major users of process 
steam and e lec t r ic  power, the cost savings are  significant. 

Since acid gas remval represents about 1 5  percent of 

C02 recycle has the effect  of increasing the m u n t  of C02 that must be 
For every three moles of C02 recycled, one additional mole of  C02 absorbed. 

i s  absorbed. 
C02 absorber capacity, and additional process steam capacity would tend to  offset  
any advantages due t o  an increase in  overall process t h e m 1  efficiency. 

In a practical system, then, the cost of c02 compressors, added 

Steam substitution has the reverse e f fec t ,  reducing the amount of C02 

discarded. 
not have t o  be absorbed. 
represents a more economical use of the process steam, since a typical hot 
carbonate s t r ipper  requires about three moles of steam for  each mole of CO 

absorbed. 
reduce C02 absorber load by about 6 percent. 

For every three moles of steam subst i tuted,  two moles of C02 do 
In addition t o  the capi ta l  cost savings, t h i s  route 

2 
Operating with char recycle, a 10 percent steam subst i tut ion would 
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CONCLUSIONS 

With few exceptions, today's SNG processes a r e  years from connnercialization 
o r  even demonstration. 
components each of which has been demonstrated comnercially, and thus could be 
readily comercialized. Overall process thermal efficiency is comparable to  . . 

present S N G  processes, 

The Methyl-Fuel process, on the other hand, consists of 

Because of the simplicity of the process and the gasif icat ion products pro- 
duced, a simple expression re la tes  gasif ier  feeds t o  Methyl Fuel  output. This 
expression shows t h a t  char recycle, C02 recycle and steam subst i tut ion can a l l  
improve thermal eff ic iency,  but a l l  inpose a heat penalty on the system. 
combination of char recycle and steam substitution has been found mst advantageous, 
since it maximizes thermal efficiency while minimizing the gas i f ie r  heat penalty 
and reducing capi ta l  costs  and process steam requirements. 

The 
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Methyl-Fuel -A New Clean Source of Energy, David Garre t t ,  T. 0. 
Wentworth, Vulcan-Cincinnatti, Inc., 1329 Arlington, Cincinnatti, Ohio 45225 

A new liquid fuel h a s  been developed with a l l  the advantages of na tura l  gas or  
fuel oil, but which is actually l e s s  polluting than natural  gas .  
designed for  u s e  in power plants', l a rge  industr ia l  furnaces  and boi le rs  and for  gas 
turbines, is a mixture  of predominately methanol with controlled percentages of 
higher alcohols. The fuel has  been named METHYL-FUEL, a t rademark  reg is te red  
f o r  Vulcan-Cincinnatti, Inc. The METHYL-FUEL process  produces liquid fuel with 
essentially z e r o  sulfur, nitrogen and meta ls  content, at c o s t s  competitive with very 
low sulfur fuel  oils and'with imported LNG on a "Btu delivered to burner"  basis .  
Actual combustion t e s t s  showed NO 
natural  gas. METHYL-FUEL may%e regasified to  methane if desired,  at costs  
competitive with naphtha gasification. METHYL-FUEL may a lso  be added to gasoline 
as an effective octane improver  and gasoline extender replacing lead additives for this 
purpose. 
reviewed and resu l t s  f r o m  combustion t e s t s  a r e  discussed.  

This  liquid fuel, 

emissions in  flue g a s  a r e  lower than that for  

The technology f o r  METHYL-FUEL production and regasification i s  

f 
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GASIFICATION OF B1AR WITH SULFUR DIOXIDE 

N . J .  Kertamus, M A .  Paisley, W.L. Sage 

Babcock 6 Wilcox Research Center, Alliance, Ohio 

1 . 0  INTRODUCTION 

The preliminary experiments summarized here were aimed i n i t i a l l y  a t  determining 
o p t i m  conditions f o r  reducing su l fur  dioxide t o  elemental su l fur  with char. 
an important secondary objective followed when we found that carbon monoxide (CO) was 
the main oxidized product generated in the reduction. 
objective was focused on the  poss ib i l i t y  of defining a novel gas i f ica t ion  system 
based on the reaction: 

However, 

In other words, t h i s  second 

2c + so2 b 2co + 1 / 2  s2 
Finally, supporting experiments were made using Differential  Thermal Analysis 

(DTA) and Thermogravimetric Analysis (TCA) to  be t t e r  understand the  gasification of 
char w i t h  SO2. 

2.0 BACKGROUND 

Because of current environmental considerations, many regenerative processes 
a re  being proposed t o  remove sulfur-containing products from the tail gases of coal 
burning systems. 
point. 
generally agreed tha t  the most desirable end product is  f r ee  sulfur .  For example, 
one such process described i n  two previous papers,(1P2) is the hot iron/iron oxide 
desulfurization concept developed by the Babcock and Wilcox Company. Briefly,  in t h i s  
concept, hydrogen su l f ide  (HzS) is  removed from a fue l  gas generated by air-blown 
suspension gas i f ica t ion  of coal.  
concept : 

Some of these processes generate a concentrated SO2 stream at some 
The SO2 concentration may vary for the  par t icu lar  process; however, it is 

Two overall  steps a re  involved in the desulfurization 

Fe/FeOx + H2S (sour gas) - Fe/FeSx + H 2 0  (sweet gas) 

Fe/FeSx + A i r  Fe/FeOx + SO2 + N2 

After a l l  o f  the available iron oxide surface sca le  has reacted t o  form iron 
sulf ide,  regeneration or recovery of the iron oxide is necessary. In practice,  
t h i s  regeneration is nccnmpl i she? hy p i - ~ ~ g i ~ g  +_he i r ~ n  ~ i ~ f i . 1 ~  S C ~ ~ C :  ~ : ' i t h  zir tc 
recover i ron oxide and a regenerant gas that contains from 10 t o  13 wl. percent 
SO2 in nitrogen. 
percent in the  fuel  gas t o  10-13 vol. percent SO2 i n  t he  regenerant gas. 

In a coal burning process, one readily obtainable reductant is a hot char 
produced by p a r t i a l  combustion of  the coal feed. 

The major difference between present-day and e a r l i e r  coal gasification t o  medium 
Btu gas (CO + H2) is the  d i r ec t  use of oxygen in the  gas i f ica t ion  process. Today, 
oxygen is used to burn par t  o f  the carbon t o  supply the  endothermic heat necessary t o  
drive the gasification reactions.  For example, considering coal to be carbon at  
1300F, the  following reactions occur during oxygen or air gasification: 

The overa l l  process concentrates su l fur  from l e s s  than 1 . 0  vol. 
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c + o2 = co2 , AH = -169,900 Btu (exothermic) 

c + co2 = 2CO , AH = + 73,500 Btu (endothermic) 

The sum, 2C + 02 = 2c0 ,  di = -96,400 Btu (exothermic), represents overall  
gasification with oxygen t o  yield carbon monoxide and recoverable heat.  

Depending on the type of gas i f i e r ,  the upper temperature leve l  during gasification 
is of  prime concern from the standpoint of reaction ra tes  or k ine t ics .  For example, 
in  air-blown entrainment gas i f ica t ion ,  the short residence time i n  the  high-temperature 
zone de ten ines  gas quali ty and the f rac t ion  of coal gasified.  (3) 
any variable that  reduces temperature, such as a heat loss or the presence of steam, 
detracts from gas quali ty.  
extreme temperatures that  some steam addition is necessary t o  moderate gasification 
temperature. 
C + H 2 0  + CO + H2,  AH = +58,500 Btu (endothermic). 

expense of providing an associated oxygen plant.  
source d i lu tes  the gas produced with nitrogen to  reduce i t s  heating value t o  the 
range of 100 Btu/Scf as opposed t o  a theoretical  320 Btu/Scf for pure oxygen 
gasification. 
gas. 

3.0 POSSIBLE c 0 N E P T  

In other words, 

Using oxygen instead of  air, however, generates such 

With steam addition, a second heat consuming reaction occurs, 

The disadvantage of oxygen-blown gasification re la tes  t o  the necessity and 
However, using a i r  as the oxygen , 

Moreover, nitrogen cannot be economically removed from the produced 

A second possible route for  producing non-nitrogen d i lu ted  CO involves the 
use of SO2 as the gasification agent. Sulfur dioxide can be separated from N 2 .  
following steps might cons t i tu te  a possible concept for  accomplishing th i s  process: 

Sulfur is burned i n  a i r  t o  produce a gas containing 19-21% S 0 2 .  
Using an acid gas scrubbing system, SO2 is  separated from the iner t  
nitrogen diluent and fed,  together with hot char, t o  a gas i f i e r .  
Undiluted SO2 reacts with hot char to  y ie ld  CO and elemental sulfur ,  

Product gases from the  gas i f ie r  a re  quenched t o  separate su l fu r  from the 
product CO. 

The 

(1) 
(2)  

(3) 

(4) 
2 c  + s o 2  __+ 2co + 1 / 2  s2. 

4 .0  MAJOR CONCERN 

From the standpoint of the basic chemistry involved, the area of greatest  concern 
centers around the calculated endothermic gasification of carbon with SO2. For 
example, the reaction 2C + SO2 2CO + 1 / 2  S2 at  2200F is endothermic t o  
the extent of 880 Btu/lb of SO2 reduced (50,400 Btu/mole). 
on the reaction of carbon i n  the standard s t a t e .  
yield s l igh t ly  d i f fe ren t  thermodynamics than carbon i n  the standard s t a t e ;  however, 
char may contain other consitutents l i k e  ash that react with S 0 2 .  
may provide additional heat. 

In considering char gasification with SO2, one logical question t o  be addressed 
i s  "What differences exis t  between SO2 and COz?" 
carbon is more endothermic t o  the extent of 1600 Btu/lb of cO2 reduced (70,400 Btu/mole). 
Other differences, as we shal l  see,  center around the kinetics o r  reaction ra tes  
involved. 

This calculation is based 
The carbon in  char may, of course, 

These reactions 

On the surface, C 0 2  gasification o f  
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5.0 EQUIF'MFN AND PROCEDURE 

Basically, two test r ig s  were used. For the  i n i t i a l  tests, a small (1-inch I.D.) 
externally heated mulli te tube served as the reactor sketched in Figure 1. 
gases (N2 + SOz) were metered and fed t o  a preheating section where the  gas temperature 
was mcreased to  about 900F. 
2000F where reaction occurred. 
accomplished by a device designed to  condense su l fur  by contact with water in a con- 
ta iner  f i l l e d  with glass beads. 

This reactor (sketched i n  Figure 2) consisted of a 36-inch long s i l i con  carbide 
tube heated by an outer annular furnace f i r i ng  natural  gas. 
2200F were eas i ly  attained i n  t h i s  furnace. 
a water-cooled s t a in l e s s - s t ee l  probe t o  quench temperature. 
analyzed by gas chromatography. 

Tracor. 
constant temperature with a modified Tracor TGA balance. 
a 15 mg sample o f  graphite was placed i n  an i n e r t  gas while the system was heated 
t o  reactant temperature. A t  the  desired temperature, SO2 o r  a 1 2  was substi tuted for  
the  iner t  gas and the weight loss was monitored. 

The feed 

The hot char temperature was in the  range of 1600 t o  
As the  products exited the reactor,  quenching was 

Product gases were analyzed by gas chromatography. 

Later t e s t s  were made i n  a 5-inch diameter tube using a fluidized bed of char. 

Bed temperatures of 
Product gas samples were drawn through 

As before, gases were ' 

Thermal analysis (ITA and TG4) was performed on an instrument manufactured by 
Kinetic measurements of the carbon, SOz, and CO2 reaction were made a t  

For the k ine t ic  measurements, 

6.0 CAIlBoN SOURCES 

Carbon sources were as follows: 

(1) Metallurgical coke (-16 + 30 mesh) with the following analysis:  

Proximate Analysis, % of w t .  Ultimate Analysis (Dry), '% of w t .  

Volati le Matter 0 .5  ,- , C - 90.8 
Fixed Carbon 92.0 . ' '  H - 0.2 
Ash 7 . 5  S - 0.7 

N - 0.8 
Ash - 7.5 

(2) Coal char from FUC 
(3) Pulverized graphite. 

7.0 RESULTS 

For discussion, the experimental resu l t s  a r e  broken down into three areas;  

1. Bench sca le  test reactors 
2. Differential  Thermal Analysis (DTA) 
3. Kinetic measurements 

each area represents a d i f fe ren t  approach at  understanding the gasification step. 
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7.1 mCH SCALE TEST REACTOR 

Our bench sca le  t e s t  reactors ranged from a small fixed bed t o  a la rger  fluidized 
bed. In the fluidized bed reactor,  provision was a l so  made for  a i r  addition. 
of course, f o r  the scale up was t o  answer questions unanswered by the small reactor. 

7.1.1 Fixed Bed Tests 

Table 1 i l l u s t r a t e s  i n i t i a l  t e s t  resu l t s  obtained with the 1-inch I.D. fixed 
bed reactor.  
in  nitrogen or a simulated regenerate gas from our hot Fe/FeO, desulfurization process 
t o  determine whether So2 could be reduced with hot carbon. The r e su l t s  with both 
the simulated regenerant gas and pure SO2 clearly i l l u s t r a t e  that  carbon was an 
excellent reductant a t  temperatures around 2200F and space ve loc i t ies  from 700 t o  
800. 

The second t e s t s  a l so  showed tha t  a significant amount of  CO was formed. 
Unfortunately i n  the t e s t s  with pure Soz,  a significant amount of COS was produced. 
We f e l t  tha t  COS probably was formed from the gas phase reaction CO + 1 / 2  S2-+ COS 
as the gases slowly cooled while exit ing the reactor. 
possible t o  reduce temperature rapidly from 2200F i n  the small reactor.  

The reason 

The f i r s t  two tests i l l u s t r a t ed  were made with 13 vol. percent SO2 

No SO2 survived the reduction. 

In other words, it was not 

7.1.2 Fluidized Bed Test 

To quench the product gases rapidly, we switched t o  the water-cooled sample 
probe and the 5-inch diameter fluidized bed reactor. 
was t o  reduce the time CO and S2 were in contact with each other a t  temperatures 
from 1800F down to the condensation point o f  sulfur.  

SO2 survived the reduction; a l l  of the So2 fed t o  the char bed was reduced t o  
elemental su l fur  o r  COS. 
product gases reduced the COS level .  
3 2 )  only a trace of COS survived; however, with pure SO2 the COS l eve l  was s t i l l  
qu i te  high or a t  least 7 vol. percent. 

The objective,  o f  course, 

Results from the fluidized bed tests with coke were tabulated i n  Table 2 .  No 

In comparison t o  the previous t e s t s ,  quick quenching the 
With sinulated regenerant gas (13 vol. percent 

7.1.3 A i r  Addition 

Since the reduction was calculated t o  be endothermic, several experiments were 

This was done by decreasing the heat (natural gas) input t o  the 
made t o  see how much we could back off the  external heat and s t i l l  maintain the SO2 - 
char gasification. 
outer annular furnace. Two other changes were made; i .e . ,  

Some a i r  was added t o  the So2 but not enough t o  compensate fo r  the 
calculated heat uptake of the reaction. 

The bed consisted of coal char instead of metallurgical coke. 

(1) 

(2)  

Results from pa r t  o f  the t e s t s  are found in  Table 3. The S02-to-air r a t io  
varied from 2 t o  10 vol. SO2 per vol.  of a i r .  
to  give quantitative information, we were surprised t o  find that  once the reduction 
s ta r ted ,  it maintained i t s e l f  without the addition of external heat. 
the char - SO2 gasification approached a heat balanced reaction with some a i r  
addition. 

Although the t e s t s  were not designated 

In other words, 
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To be t t e r  define the re l a t ive  heat uptake of the char/coke reaction with 
SO2 and 0 3 2 ,  d i f f e ren t i a l  thermograms were obtained using the two reactant gases 
with pulverized metallurgical coke. 
endothermic fusion of t he  ash constiutents in the coke at  1800 to  2000F, it was 
necessary t o  preheat the  coke sample blanketed with inert nitrogen t o  reactant 
temperature (2350F). Once the prefused ash had been heated and cooled back to 
ambient temperature, a second heating cycle i n  i n e r t  gas d id  not reveal the  
endothermic fusion of t h e  ash. After one cycle i n  nitrogen, SO2 or 0 2  was 
substi tuted fo r  the  DTA measurements. 
SO2 are i l l u s t r a t ed  in Figure 3. 
consuming reactions. 

We found t h a t ,  because of the highly 

Two typical curves obtained with CO2 and 
Negative peaks represented endothermic or  heat 

Although the d i f f e ren t i a l  thermograms were not quantitative,  the resu l t s  
(Figure 3) presented a comparative picture of coke gasification with SO2 and CO2. 
The curves suggested t h a t  the 0 2  - coke reaction was f a r  more endothermic at 
about 2000F where gas i f ica t ion  occurs than was the corresponding reaction with 
sO2. In fact ,  the coke - SO2 reaction was nearly heat balanced. 

7.3 KINETIC MEASUREMENTS 

The last se r i e s  of measurements made involved a comparison of the k ine t ics ,  
or the  r a t e  o f  weight loss versus t i m e  of pulverized graphite i n  SO2 and CQ2. 
For these measurements, graphite served as the source of  carbon instead of 
metallurgical coke o r  coal char. 
reactive for accurate k ine t i c  measurements. 

The latter sources of carbon proved t o  be too 

For the weight loss-time measurements, a s t r i p  chart  recorder was added to  
the basic X-Y recorder i n  the TGA apparatus t o  measure sample weight versus time. 
The weight loss was p lo t ted  as a function of time a t  constant temperature. 
illustrates a p lo t  o f  the  f rac t iona l  weight loss  versus time curve for  graphite 
gasification with SO2 a t  2100F. 

Figure 4 

The simplified model used t o  in te rpre t  the weight loss-time curves assumes: 

(a) that the heterogeneous graphite pa r t i c l e  mix can be approximated by 
spheres with an average diameter, i n i t i a l l y  of  ro, and a t  some time 
l a t e r  as r. The f rac t iona l  weight l o s s ,  fw, i s  given by 

7 

r J  . fw = 1 - -  
(1) 

3 '  

(b) 

(c) 

that the reaction of carbon is f i r s t  order with respect t o  available carbon 
atoms; and 
that the concentration of SO2 or C02 i n  a flowing system is constant, 

- -  dc - -k Ca, 
d t  

where (dc/dt) represents the  r a t e  of carbon atom gasification and 'Ca' is 
the concentration of available carbon atoms on the surface of the graphite 
pa r t i c l e  being gas i f ied .  
constant, or 

The r a t e  of decrease o f  the pa r t i c l e  radius is  

I 



dt 

Differentiating equation (1) , subs t i tu t ing  f o r  I r '  and integrating gives the 
following expression that r e l a t e s  the f rac t ion  reacted (fw) t o  time ( t )  by the  
temperature function of the  reaction (k!). 

1 - (l-fw)1'3 = k ' t  (4) 

The use of equation (4) t o  f i t  the experimental data i s  i l l u s t r a t ed  i n  
Figure 4 by the dashed l ine.  
weight loss-time curves. 

function of the reaction. 

Similar f i t s  are obtained fo r  the other experimental 

The spherical model represents only a crude approach at defining the temperature 
The Arhenius expression fo r  the r a t e  constant k '  is :  

(5) -E/m 

The u t i l i t y ,  however, of the simplified approach is  tha t  it gives us a means of 
estimating the temperature-time performance o f  graphite gasification with SO2 o r  

k '  = Ae 

C02. 

From the rate  constants, Figure 5 was constructed. These curves represented 
the time-temperature relationship t o  gasify 50, 7 5 ,  and 90 w t .  percent of graphite 
with SO2 and COz. Several points were indicated: 

1. The rate  of gasification is  f a s t e r  a t  a given temperature with SO2 than 
C02.  
graphite a t  2300F ranges from 15 minutes for  SO2 to  60 minutes for CO2 
(no themdynamic l imitation a t  2300F). 

The predicted ra tes  apply only for  pulverized graphite. 
would give a mre rapid r a t e  because of a higher specific surface area. 

A few seconds a t  3000F is worth tens of minutes a t  lower temperatures for 
equivalent gasification. 

For example, the  time required to  gasify 50 w t .  percent of the 

2. Char gasification 

3. 

8.0 CQNCLUSIONS 

From t h i s  process oriented study, our conclusions are as follows: 

SO2 i n  a nitrogen containing regenerant gas can be converted primarily t o  
CO and su l fur  by reaction with carbon (char) a t  temperatures in  excess of 
2000F. 

The gasification of char with SO2 may proceed along several paths. Some 
of these may be exothermic such tha t  the overall  reaction is nearly heat 
balanced, 

The burning of su l fur  in  an a i r  atmosphere and the subsequent separation 
t o  produce a highly concentrated SO2 gas may prove t o  be an economical 
means of producing a high CO content gas without requiring an oxygen plant. 

So2 gasification of carbon proceeds at a f a s t e r  r a t e  a t  a given temperature 
than the C02-carbon reaction. 
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In term of our i n i t i a l  objectives,  SO2 can be completely reduced to  
elemental sulfur by reaction with hot char. 
su l fur ,  CO i s  the primary product f o m d  from the reduction. 

Further, aside from f r e e  
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TABLE 1 FIXED BED (COKE) 

Input G a s  GHW Input% Avg. Temp. Output 
"F %COz %N2 %CO %COS %2 Flow Ft3/hr 

6.80 773 13  2230 5 77 18 - - - - -  
4.384 813 100 2100 32.5 - - -  43.0 24.5 
4.384 776 100 2220 11.0 - - -  42.0 47.0 

Ft3 of gas/hr @60F 

F t 3  of bed ( i n i t i a l )  

\ 
"Gaseous hourly space velocity = 

TABLE 2 FLUIDIZED BED (COKE) 

Input G a s  GHSV Input% Avg. Temp. output 
Flow Ft3/min SO2 N 2  O F  %COz % N E  %CO %COS 

0.56 1.93 100 - -  2240 - < 1 4 80 7 
0.9 391 100 - -  2100 < 1  5 76 7 

2250 
0.9 31 5 100 - -  2250 6 1 68 22 
1.9 81 3 13  87 2000 - < 1 80 18 1 

2100 

TABLE 3 A I R  ADDITION TO SO2 (CHAR) 

Input Gas GHSV Input Gas% Avg. Temp. Output Gas% 
Flow Ft3/rnin SO2 N2 O2 O F  C02 N2 CO COS 

1.13 276 13  87 - - - -  1800 1 69 24 2.7 
1.1 264 14.2 84.9 .903 1900 < 1  84 17 1 

0.683 252 15.6 83.5 .945 2060 < 1  62 35 2.0 
0.379 138 89.2 8.5 2.3 2210 c 1 3.7 87.0 9.2 
0.45 164 100 _ _ _ _  - _ _ _  2240 11.6 - - -  79.7 8.6 

Test 
Length 
Min . 

60 
30 
60 

Test 
Length 
Min . 

15 
35 

25 
60 

Test 
Length 
Min . 

85 
2 50 
300 
153 
153 



120 

5 .  B i o  

I 

3 
0 w 

P 

u 
5 



121 

I 

FIGURE 3 DIFFERENTIAL THERMAL ANALYSIS OF 
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MAJOR MINZNG RESEARCH PROGRAMS CONDUCTED BY BITUMINOUS COAL RESEARCH, INC., Foil THE 
UNITED STATES BUREAU OF MINES. R. D. Sditsman Bituminous Coal Research, Inc., 350 

Hochberg Road, Monroevllle, Pa. 15146; Joseph Grumt, U.S. Bureau of Mines, 4800 Forbes 
Ave., Pittsburgh, Pa. 15213; Kelly Strebig, U.S. Bureau of Mines, Twin Cit ies ,  Minnesota 
55111. 

Enough rock dusting prevents a coal dust explosion from propogating by absorbing heat 
from the  otherwise possible flame. 
adiabatic flame temperatures for coal and coal  plus rock dust with adiabatic flame t e m -  
peratures of gas flames at t h e i r  lean limits of flammability; these calculations show 
t h a t  concentrations of  rock dust i n  mine dust determined empirically t o  be necessary t o  
Iner t  coal dust are  reasonable. Based on this, United States mines a r e  equipped t o  main- 
t a i n  certain incombustible levels i n  t h e  s e t t l e d  dust, created during the  mining process, 
by applying rock dust t o  t h e  surfaces created when the coal is removed. 
enforcing these requirements are  time-consuming and expensive. Results of  a data  gather- 
ing and s t a t i s t i c a l  study t o  f ind methods and procedures f o r  reducing the  number and 
quantity of semples required are  described. 
American coal producers have t o  meet require new developments. 
t iona l  use of air and water t o  control the  respirable  dust w i l l  not be suff ic ient .  
promising method involves t h e  flushing of t h e  cut t ing b i t s  with water while the b i t s  are 
cutting coal. 
has been adapted t o  American continuous miners. The problems encountered and the re- 
su l t s  obtained t o  date, w i l l  be described. 

Theoretical calculations are presented which compare 

Monitoring and 

The present respirable dust standards that 

One 
Optinizing the  conven- 

The water flushing concept, pioneered i n  England for  longwall machines, 
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APPLICATION OF ENGINEERING FUNDAMENTALS 
TO EVALUATION OF DUST COLLECTION DEVICES 

George T.  P r e s t o n  

G a r r e t t  Research a n d  Development Co., Inc .  
L a  Verne, C a l i f o r n i a  91750 

One consequence o f  t h e  h i g h  degree  o f  mechaniza t ion  o f  modern 
coal mining t e c h n i q u e s  i s  t h e  p r o d u c t i o n  of a l a r g e  amount o f  c o a l  
d u s t  dur ing  t h e  p r o c e s s  o f  b r i n g i n g  t h e  coal f rom seam t o  s u r f a c e .  
Wide-spread use  of t h e  c o n t i n u o u s  mining machine h a s  c o n t r i b u t e d  
s u b s t a n t i a l l y  t o  coal  p r o d u c t i o n  f i g u r e s ,  b u t  it h a s  a l so  added 
t o  t h e  l e v e l  of coal d u s t  i n  t h e  a i r  t h e  miner  b r e a t h e s .  Dus t  
c o n t r o l  t e c h n i q u e s  f o r  t h e  area around a c o n t i n u o u s  mining machine 
are  r e l a t i v e l y  i n e f f e c t i v e  up t o  t h e  p r e s e n t ,  compared t o  o t h e r  
d u s t  s o u r c e s  i n  t he  mining  o p e r a t i o n .  

One of t h e  p o s s i b l e  approaches  t o  t h i s  problem i s  t o  col lect  
t h e  d u s t  a t  or n e a r  t h e  mining f a c e  as it i s  g e n e r a t e d .  I n  l a t e  
1969 a one  y e a r  c o n t r a c t  w a s  awarded by t h e  U.S. Bureau of Mines 
t o  G a r r e t t  Research  a n d  Development Company t o  e v a l u a t e  t h o s e  
t y p e s  o f  commercial ly  a v a i l a b l e  d u s t  c o l l e c t i o n  equipment  which 
might  be a p p l i c a b l e  t o  t h i s  purpose.  . 

I n  r e t r o s p e c t ,  t h e  work done i n  performance of t h i s  c o n t r a c t  
p r o v i d e s  a c lear  example o f  how e n g i n e e r i n g  fundamenta ls  can  be 

a p p l i e d  toward solving problems o f  i n d u s t r i a l  s i g n i f i c a n c e .  Two 
such  problems which arose d u r i n g  t h e  p lanning  o f  t h i s  work w e r e :  

r e q u i r e d  of a c o l l e c t i o n  d e v i c e  i n  t h e  underground mining envi ron-  
ment? -- and second,  how c o u l d  w e  e v a l u a t e  r e p r e s e n t a t i v e  d u s t  
c o l l e c t i o n  d e v i c e s  w i t h  o n l y  a smal l  amount o f  time-consuming 
exper imenta l  work, and  y e t  o b t a i n  r e s u l t s  which would be g e n e r a l  
enough t o  a p p l y  t o  d e v i c e s  and o p e r a t i n g  c o n d i t i o n s  o t h e r  t h a n  
t h o s e  specif ical ly  i n v e s t i g a t e d ?  

fizz.=, ;;k,;k is rEoi ; i rable  &Gs'l, w;iat bo 

D e t a i l s  o f  t h i s  work s u c h  as  e x p e r i m e n t a l  p rocedures  are 
d i s c u s s e d  in  e a r l i e r  papers ( 1 , Z )  and i n  the f i n a l  c o n t r a c t  r e p o r t  (3 ) .  
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RESPIRABLE DUST 

! 

Mine dust control regulations currently in effect are based 
on allowable loadings of respirable dust in the mine atmosphere. 
From the legal point of view, respirable dust is that part of the 
total dust which is collected by certain portable sampling devices 
after the dust passes through sections of those devices intended 
to simulate the dust-collecting abilities of the nose and throat. 
In order to specify the performance required of a dust collector 
in a coal mine entry, it is necessary to do the following: 

1. Define the size distribution of the "total dust," i.e., 
the dust generated by a continuous mining machine at a working face. 

2. Compute the size distribution of respirable dust, i.e., the 
part of the total dust which would pass the pre-classifier ("nose 
and throat") of a portable sampler. 

3 .  From an estimate of the respirable dust loading in a mine, 
determine the respirable dust collection efficiency required to 
reduce the respirable dust loading to a legal level. 

Three sources of data on dust from continuous coal mining 
operations were used: the U.S. Bureau of Mines ( 4 ) ,  publications 
of E.J .  Baier (5), and mine samples taken as part of this work. 
With the assumption that the total dust size distribution was 
logarithmic-normal, and after resolving some inconsistencies in 
the available data, it was concluded that a conservative (i.e. 
small) estimate of the size distribution of the total dust near 
the working face is a mass mean diameter of 15 microns with a 
standard deviation of 3.0. The size distribution of the respirable 
dust fraction was then calculated by combining the total dust size 
distribution with collection efficiency data for the respirable 
dust sampler. The resulting size distribution for the respirable 
dust fraction based on the AEC sampler collection efficiency data 
is a mass mean diameter of 2.55 microns with a standard deviation 
of 1.7. 
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The l o a d i n g  o f  r e s p i r a b l e  d u s t  i n  t h e  mine a tmosphere  n e a r  a 
con t inuous  mining machine h a s  been e s t i m a t e d  a t  5 to  1 0  mg/m3, 
based on t h e  AEC p e r s o n a l  sampler .  The c u r r e n t  maximum a l l o w a b l e  

r e s p i r a b l e  d u s t  l o a d i n g  t o  which a miner  may b e  exposed i s  2 mg/m . 
However, t h i s  l i m i t  i s  based on  measurement w i t h  t h e  MRE p o r t a b l e  
sampler  which, because  i t s  p r e - c l a s s i f i e r  o p e r a t e s  on  a d i f f e r e n t  
p r i n c i p l e ,  measures  d u s t  l o a d i n g s  d i f f e r e n t l y  from t h e  AEC sampler  
( 6 , 7 ) .  An approximate  r e l a t i o n s h i p  between t h e  d u s t  l o a d i n g s  

measured by t h e  t w o  s ample r s  i s  

3 

MRE = 1.63  AEC + 0.67 1) 

Thus, t he  l e g a l  l i m i t  o f  2 mg/m3 (MRE) cor re sponds  t o  a n  AEC-measured 
l o a d i n g  of 0.81 mg/m .. Accept ing  a c o n s e r v a t i v e  (h igh )  1 0  mg/m 
e s t i m a t e  f o r  t h e  l o a d i n g  of r e s p i r a b l e  d u s t  from t h e  con t inuous  
miner ,  t h e  c o l l e c t i o n  e f f i c i e n c y  o f  a d e v i c e  must be 

3 3 

on r e s p i r a b l e  d u s t  i n  o r d e r  t o  a c h i e v e  compliance.  

The problem now i s ,  g iven  expe r imen ta l  measurements on t h e  
performance c h a r a c t e r i s t i c s  of  a d u s t  c o l l e c t i o n  d e v i c e ,  how can  
t h i s  i n fo rma t ion  be r e l a t e d  t o  t h a t  c o l l e c t o r ' s  e f f i c i e n c y  on 
r e s p i r a b l e  d u s t ?  Obvious ly  it is i m p r a c t i c a l  t o  a t t e m p t  t o  u s e  
sample d u s t  w i t h  t h e  e x a c t  s i z e  d i s t r i b u t i o n  o f  r e s p i r a b l e  d u s t  
f o r  performance tests on  c o l l e c t i o n  equipment. The o v e r a l l  
e f f i c i e n c i e s  measured, t h e r e f o r e ,  w i l l  p e r t a i n  t o  t h e  s i z e  d i s t r i -  
b u t i o n  of t h e  sample d u s t ,  r a t h e r  t h a n  r e s p i r a b l e  d u s t .  The 
s o l u t i o n  i s  t o  u s e  a t e s t i n g  p rocedure  which de te rmines  t h e  col- 
l e c t i o n  e f f i c i e n c y  a s  a f u n c t i o n  o f  p a r t i c l e  s i z e ,  so  t h a t  t h e  
pr imary  r e s u l t  o f  each  t es t  i s  a p e n e t r a t i o n  f u n c t i o n  P(D ) ,  t h e  
f r a c t i o n  of  p a r t i c l e s  of d i ame te r  a which p e n e t r a t e s  ( i s  n o t  
c o l l e c t e d  by )  t h e  c o l l e c t o r .  ( E f f i c i e n c y  and p e n e t r a t i o n  are 
r e l a t e d  by E E 1 - P.) 

P 
P 
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The size distribution of a dust is defined by f(D ) ,  where 
f(D )dD is the mass fraction of particles having a diameter in 
the range D to D f dD and 

P 
P P  

P P P' 

Several basic mechanisms can be used for particle collection, 
including gravity, inertia, diffusion, electrostatic attraction, 

The gross penetration for any dust through any collection device 
can be calculated from 

P = 1; P(D )f(D )dD 
P P P  3 )  

where P(D ) is the penetration function of the collection device 
and f(D ) is the size distribution frequency of the dust. Thus, 
if the penetration function can be measured or calculated for a 
given collection device, it is possible to calculate the gross 
penetration of any dust of known size distribution. 

P 
P 

A numerical integration computer program was written to per- 
form the integration of Equation 3 ,  so that the effect of any 
penetration function and size distribution on gross penetration 
could rapidly be calculated. 

It was implied earlier that the size distribution and loading 
of respirable dust in a coal mine are not well known. This means 
Equation 3 is a particularly valuable tool, because it separates 
the effects of the dust size distribution and the penetration 
function'of the collection device. Hence, experimental results 
expressed in the form of a penetration function for a given device 
have complete generality and are applicable to any dust whose size 
distribution is known. 

DUST COLLECTION MECHANISMS 
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fabric filtration, radiation, magnetism, and agglomeration. Most 
of these are either impractical or dangerous for use in the control 
of coal dust underground ( 3 ) .  Only inertia and fabric filtration . 
appear to be technically feasible mechanisms in an underground 
mine, and because of space limitations, inertia is the more promis- 
ing. Accordingly, this work was limited to investigation of 
collection devices operating by one or more inertial mechanisms. 

Since the intent of the program was not simply to test several 
commercial dust collection devices but rather to determine what 
collection mechanisms could best be applied to the problem of coal 
mine dust, the strategy adopted was to select or develop a mathe- 
matical model for each potentially applicable mechanism and to test 
collection devices which used these mechanisms in order to confirm 
or disprove the models. With the ultimate goal of evaluating each 
inertial mechanism for application to coal dust, the immediate goal 
of the modelling and testing program was to determine for each 
inertial mechanism the penetration function P(D ) under various 
operating conditions. Once this was done, the penetration function 
could be applied using the technique described in the previous 
section. 

P 

Cyclone 
In a cyclone separator, rotary motion of the entire gas stream 

throws dust particles to the outer wall under the influence of 
centrifugal force. The particles then fall through the bottom of 
the cyclone or are otherwise removed. The cyclone separator tested 
in this work was a multiple cyclone nollPrtoy r x n s i s t i n ~  of 3 hgnk 
of 4 6  small cylindrical cyclones in parallel. The dusty air inlet 
flow was parallel to the axis of the cyclone, and a tangential 
motion was imparted to the air by fixed vanes set at an angle to 
the axis. 
volume. This device was modelled by adapting equations given in 
Strauss (8) for more conventional cyclones. In this model it was 
assumed that if a particle reaches the outer wall at any time before 
leaving the cyclone with the gas, it is collected. No consideration 
was given to re-entrainment by the gas. The resulting penetration 

Each cyclone had a hub occupying the central part of its 
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function is given by 

P(Dp) = 1 - 1 - -/l-(Dp/C)*' 
- ( Dhub/Dshell) 2 

4 )  

where C is a constant characteristic of the cyclone geometry and the 
air and dust properties. The observed dust penetration through 
the multiple cyclone as a function of particle size is shown in 
Figure 1. The curve was calculated from Equation 4 .  (The value 
of C in Equation 4 was calculated from the model, not fitted 
empirically.) The observed gross penetration of the test dust 
was 76%, and the gross penetration calculated using Equation 4 

with Equation 3 was 79%. 

It was concluded that within the precision of the experimental 
techniques used, the penetration function of Equation 4 is an ade- 
quate representation of the penetration function of the multiple 
cyclone which was tested. Equation 4 was then used again as the 
penetration function in Equation 3 to predict that the gross 
penetration of respirable dust through this device would be 53% at 
the test conditions. This is to be compared with the estimated 
92% efficiency ( 8 %  gross penetration) required to achieve a legal 
respirable dust loading. 

Curved Passages 
Many dust collectors use essentially the same principle as the 

cyclone separator, but the gas is caused to turn by curved passages 
of some sort. This type of collector includes those with louvers, 
deflectors, or corrugated passages, and packed beds. In these 
devices, dust particles are spun out against solid or liquid 
surfaces by centrifugal force as the gas stream flows through a 
multitude of curved paths. 

A simple packed bed scrubber was fabricated in-house to 
represent this collection mechanism. For a packed bed, the 
penetration function can be expressed (9) as 

z P(D ) = exp [-C - K] 
P Dt 

5 )  
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2 where K is the inertial impaction parameter, UpD 
an empirical constant (9) which depends on the packing geometry. 
The test results for the packed bed scrubber are shown in Figure 2. 
The curve was calculated from Equation 5 using a value of C = 12 
for 1-1/2 inch Pall rings. 
test dust was 39%, and the gross penetration calculated using 
Equation 5 with Equation 3 was 41%. 

/9uDt, and C is 
P 

The observed gross penetration of the 

Impaction Targets 
Cylindrical objects such as rods, wires, and fibers are used 

in a large number of collection devices. As the gas stream flows 
around the target, the inertia of the dust particle tends to make 
it impact on the target instead of passing around it. The factors 
influencing the collection efficiency of such a device are the gas 
velocity relative to the impaction target, the size of the target, 
the gas viscosity, the number of targets the gas stream must pass, 
and the particle density and size. All of these effects except the 
number of targets are included in the inertial impaction parameter 
K. An empirical penetration function based on past experimental 
results for impaction on cylinders and on spheres is 

(Impaction on spheres is one of the mechanisms involved in a 
venturi scrubber, discussed below.) 

A wetted screen device was tested which employed the impaction 
target mechanism. An accordion pleated screen constituted the im- 
paction targets, and the screen was continuously wetted to keep 
the collected particles from blinding it. The screen was followed 
by a horizontal cyclone functioning as an entrainment separator. 
The test results are shown in Figure 3. The higher of the two 
penetration curves was calculated from Equation 6 directly. 
However, since the total area of the screen wires was about twice 
the cross sectional area of the scrubber, it was hypothesized that 
the scrubber might comprise two impaction stages. The penetration 
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function indicated by the lower curve is just the square of the 
penetration calculated from Equation 6. The observed gross 
penetration of the test dust through the wetted screen was 5 4 % ,  

and the gross penetration calculated from the two-stage penetra- 
tion function and Equation 3 was 56%. The same two-stage 
penetration function applied to the estimated size distribution 
for respirable dust using Equation 3 gave a gross penetration of 
35%. 

Jet Impingement 
Some dust collection devices are based on impingement of a 

jet of the gas stream on a solid or liquid surface, a mechanism 
quite similar to impaction on targets. In this case, however, 
the space through which the gas stream must pass is much smaller, 
and the gas flow characteristics are thus different from the case 
where the flow is around relatively isolated bodies. The common 
examples of the impingement mechanism are sieve tray and ballast 
tray scrubbers. When the gas jet impinges on a'surface, the 
inertia of the particles prevents them from following the sharp 
change of direction taken by the gas. Again, the collection 
efficiency is affected mainly by the variables included in K, 
the inertial impaction parameter. Past experimental data are 
correlated in Figure 4 ,  which gives the penetration function 
indirectly by showing the efficiency as a function of K, for 
impingement of round and rectangular jets on surfaces. 

The collection device tested to represent the jet impingement 
mechanism was an impingement scrubber consisting of a cylindrical 
tower containing water spray nozzles and baffle plates. The test 
results are shown in Figure 5. The penetration function curve 
shown was calculated by assuming the collection mechanism was 
two stages of impingement of round air jets on flat plates, with 
each stage having a penetration function obtained frsm Figure 4 .  

Using this penetration function with Equation 3 and the estimated 
size distribution, a gross penetration of 2 7 %  was predicted for 
respirable dust through this device. 
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Venturi 
In venturi devices, the gas stream is forced through an 

orifice or a narrow throat. A scrubbing liquid is introduced at 
or upstream of the throat, and is atomized at the throat due to 
the high gas velocity. The dust particles are collected by im- 
paction on the atomized droplets. The penetration function for 
the venturi mechanism is given (9) as 

P(D ) = exp [-2 x 10-5(1 - Ps) (13,500 L + 1.2 UL2'5] 7) P 

for the air-water system at room temperature and atmospheric 
pressure. 
impaction on spheres. The spheres which are the impaction targets 
are the droplets atomized in the venturi throat; 
(for calculating the inertial impaction parameter K) is estimated 
from the Nukiyama-Tanasawa correlation, which can be written as 

Ps is the penetration calculated from Equation 6 for 

Their diameter 

16500 
U Dt = - + 1.45 Lla5 

for air and water at room temperature and atmospheric pressure. 
Equation 8 is applicable when the air velocity is greater than 
200 ft/sec. 

In the experimental program, a simple venturi collector was 
tested, as well as two commercial devices operating primarily by 
the venturi mechanism. Partial test results for the simple 
venturi are shown in Figure 6. The observed gross penetration of 
the test dust was 19%, and the gross penetration calculated by 
using the penetration function given by Equations 7 and 8, in 
Equation 3 was 19%. The same penetration function applied to the 
estimated respirable dust size distribution gave a gross penetra- 
tion of 6%. The test results for the two commercial venturi 
scrubbers also confirmed the venturi mechanism model. 
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DISCUSSION 

A major c o n c l u s i o n  from t h e  c o n t r a c t  program was t h a t  c u r r e n t l y  
a v a i l a b l e  knowledge o f  d u s t  c o l l e c t i o n  mechanisms i s  adequa te  both  
t o  e x p l a i n  t h e  performance of  a wide v a r i e t y  o f  d u s t  c o l l e c t i o n  
d e v i c e s  and t o  p r o v i d e  a b a s i s  f o r  t h e  d e s i g n  of  d u s t  c o l l e c t i o n  
sys tems.  

P o t e n t i a l  d u s t  c o l l e c t i o n  mechanisms canno t  f a i r l y  be e v a l u a t e d  
o n l y  on  t h e  b a s i s  o f  t h e  t e s t  r e s u l t s  r e p o r t e d ,  because  t h e  tests 
on t h e  v a r i o u s  c o l l e c t o r s  were n o t  always r u n  a t  comparable condi- 
t i o n s .  Indeed ,  l i t t l e  i n  t h e  way of u s e f u l  c o n c l u s i o n s  cou ld  have 
been achieved  i f  t h e  program had been conf ined  t o  t e s t i n g  v a r i o u s  
d e v i c e s ,  even i f  the  t e s t i n g  had been more e x t e n s i v e .  But t h e  
pu rpose  of  t h e  tes ts  was t o  conf i rm t h e  a v a i l a b l e  models,  and 
based o n  t h e  a p p l i c a t i o n  of t h o s e  models, some g e n e r a l  c o n c l u s i o n s  
can be  o f f e r e d  a b o u t  t h e  a p p l i c a b i l i t y  of  t h e  d i f f e r e n t  c o l l e c t i o n  
mechanisms t o  t h e  c o a l  mine d u s t  problem. 

1. A d r y  c e n t r i f u g a l  c o l l e c t o r  canno t  per form adequa te ly  f o r  
t h i s  a p p l i c a t i o n .  

2. None of t he  "wet dynamic" mechanisms -- curved  passages ,  
impact ion  t a r g e t s ,  j e t  impingement -- cou ld  meet c u r r e n t  s t a n d a r d s  
based o n  t h e  r e s p i r a b l e  d u s t  l oad ing  (10 mg/m ) assumed i n  t h i s  
work. However, i f  t h e  r e s p i r a b l e  d u s t  l oad ing  cou ld  be lowered, 
for i n s t a n c e  by r e d e s i g n i n g  t h e  a i r  system i n  t h e  mine e n t r y ,  
t h e s e  mechanisms would be worth r e c o n s i d e r i n g ,  p a r t i c u l a r l y  i n  view 
ur' t h e i r  r e i a t i v e l y  l o w  energy  and wa te r  r equ i r emen t s  and p o t e n t i a l l y  
sma l l  size of  t h e  c o l l e c t i o n  dev ice .  

3 

3 .  The r e q u i r e d  c o l l e c t i o n  e f f i c i e n c y  could  be achieved  w i t h  a 
h igh  energy  s c r u b b e r  u s i n g  a v e n t u r i  mechanism. The d i sadvan tages  
of s u c h  a dev ice  are h igh  p r e s s u r e  d r o p  ( i .e .  h igh  energy  r e q u i r e -  
ment) and a l a r g e  w a t e r  r equ i r emen t .  Also ,  t h e r e  i s  a t  p r e s e n t  no 
commercially a v a i l a b l e  h igh  energy  sc rubbe r  which could  f i t  i n  a 
c o a l  mine e n t r y .  
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NOMENCLATURE 

(Any consistent units may be used, except in cases noted.) 

diameter of cyclone hub Dhub 
D particle diameter P 
Dshell inside diameter of cyclone 

Dt (microns in Equation 8) 
target size: sphere - diameter 

cylinder - diameter 
round jet - diameter 
rectangular jet - width 
packing - nominal size 

f 

K 

size distribution frequency 

inertial impaction parameter = PUDp’ 

9uDt 

liquid rate, gallons/thousand cubic feet of air 

penetration 

air velocity (ft/sec in Equations 7 and 8) 

packed height 

gas viscosity 

particle density 
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INTRODUCTION 

I1 e it )n of d u s t  has  long been recognized a s  a h e a l t h  hazard -Jading t o  pu 
monary d i s e a s e s .  I n  t h e  16th cen tu ry ,  Agricola ,  the f a t h e r  of mining, d i scussed  
d u s t  i n h a l a t i o n  du r ing  mining and c a l l e d  i t  a "widow maker." I n  the  19th century 
the "black lungs" o f  autopsied c o a l  miners were recorded.  The 11th E d i t i o n  o f  
Encyclopedia Br i t ann ica .  some 60 yea r s  ago, descr ibed f i b r o i d  changes and included 
a graphic  photomicrograph o f  a c ros s  s e c t i o n  of a c o a l  mine r ' s  lung.  

n e  Federal  Coal Mine Health and Sa fe ty  Act of 1969 (PL 91-178, December 30, 
1969) e s t ab l i shed  h e a l t h  s t anda rds  i n  underground c o a l  mines f o r  t he  f i r s t  t ime i n  
the  United S t a t e s .  The Act s p e c i f i c a l l y  s t a t e d  t h a t  t he  working cond i t ions  i n  each 
underground c o a l  mine should be s u f f i c i e n t l y  f r e e  of r e s p i r a b l e  d u s t  t o  allow each 
miner t o  work underground without  i ncu r r ing  any d i s a b i l i t y  from c o a l  workers '  
pneumoconiosis (CUP) o r  o the r  occupat ion-related d i s e a s e  du r ing  h i s  working l i f e .  
Based l a r g e l y  upon B r i t i s h  s t u d i e s ,  the Act spec i f i ed  t h a t  the maximum al lowable 
concen t r a t ion  of a i rbo rne  r e s p i r a b l e  d u s t  p a r t i c l e s  (nominally l e s s  than 5.1 Um i n  
diameter)  i n  bituminous c o a l  mines should be 3 mg/m3 by June 30,  1971 and 2 mg/m3 
by December 30,  1972. The maximum permit ted d u s t  l e v e l  i s  decreased i f  t h e  s i l i c a  
con ten t  of the d u s t  is g r e a t e r  than 5 weight percent  so t h a t  the Threshold L i m i t  
Value (TLV) o f  100 pg/m 

CWF' i s  the  most severe h e a l t h  and s a f e t y  problem fac ing  the  c o a l  mining 

of s i l i c a  fo r  an e i g h t  hour exposure w i l l  not  be exceeded. 

i ndus t ry  today. 

1. The number of permanent d i s a b i l i t i e s  and dea ths  of  coa l  miners due t o  CUP 
i s  3.5 t imes the d i s a b i l i t i e s  and dea ths  due t o  a l l  o t h e r  mine acc iden t s  
(1964-1970 Pennsylvania d a t a ) .  (1) 

2 .  About 30 percent  of the p re sen t  working miners have CWP (1972). 

3 .  About 165,000 claims for  CWP have been approved and some 100,000 
a d d i t i o n a l  claims a r e  c u r r e n t l y  under review. 

The c o s t  t o  Government and industry for  CWP compensation h a s  been est imated t o  be 
$1 b i l l i o n  per y e a r .  

i n  o rde r  t o  meet t h e  energy requirements of the na t ion .  
dev i se  methods f o r  mining c o a l  a t  a r ap id  and economical r a t e  while  maintaining a 
h e a l t h f u l  mining environment i s  apparent .  

However, i t  has  been est imated t h a t  c o a l  product ion must double by t h e  year  2000 
The n e c e s s i t y  f o r  s o c i e t y  t o  

The 1969 Act d i r e c t e d  t h a t  t he  Departments of the I n t e r i o r  and Hea l th ,  Educa- 
t i o n  and Welfare s h a l l  "develop new o r  improved means and methods of reducing the 
concen t r a t ions  of r e s p i r a b l e  d u s t  i n  the  mine atmospheres o f  a c t i v e  workings o f  the 
c o a l  mines." 
implementing a r e sea rch  and development (R&D) program t o  provide the  advanced tech- 
nology f o r  reducing the  amount of r e s p i r a b l e  d u s t  i n  coa l  mines.  

"he Bureau of Mines was assigned the r e s p o n s i b i l i t y  fo r  planning and 

This advanced 
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technology would a s s i s t  t h e  mine ope ra to r  t o  meet the s t r i n g e n t  d u s t  l i m i t s  imposed 
by t h e  Act .  

The present  problem of d u s t  c o n t r o l  du r ing  c o a l  mining ope ra t ions  is cons ide rab ly  
d i f f e r e n t  from t h e  problems normally encountered du r ing  i n d u s t r i a l  ope ra t ions .  For 
example, c o a l  is o f t e n  mined underground using continuous (mechanical) mining methods ,* 
where c o a l  is removed by c u t t i n g  b i t s  on  a r o t a t i n g  wheel o r  cha in .  Dust i s  formed 
by t h e  c u t t i n g  a c t i o n  of t h e  b i t s ,  and a l s o  a t  nearby loca t ions  by secondary handl ing 
o p e r a t i o n s .  W a t e r  sprays a r e  used t o  suppress  t h e  d u s t  being formed by the c u t t i n g  
a c t i o n .  Also,  a i r  i s  passed over  the machine t o  t h e  f ace  and then back behind a 
b r a t t i c e  c l o t h  (usua l ly )  t o  "push" the d u s t  away from nearby personnel .  
c o n t r o l  d u r i n g  a c t u a l  c o a l  mining operat ions i s  no t  so c l e a r - c u t .  
t y p i c a l  i n d u s t r i a l  o p e r a t i o n  would be t o  dev i se  ways t o  c o n t r o l  a hazardous impurity 
i n  a chemical processing p l a n t  where: 

However, d u s t  
An analogy t o  a 

1. 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8. 

9 .  

t h e  sources  of the impurity (dust)  a r e  imperfect ly  known; 

laboratory and p i l o t  p l a n t  information is of l imited use fu lness  (it is almost 
impossible t o  s imula t e  t h e  underground mining s i t u a t i o n  i n  the  l abora to ry )  ; 

t h e  amounts o f  t he  impuri ty  a r e  v a r i a b l e  ( cu t t i ng  b i t s  become broken, 
c u t t i n g  r a t e  v a r i e s  with machine o p e r a t o r ) ;  

t h e  f l o w s  i n  the  p l a n t  a r e  i l l - d e f i n e d  and h igh ly  v a r i a b l e ,  e . g . ,  a pipe 
(spray nozz le )  p lugs ,  t h e  f l o w  through a main pipe changes i n t e r m i t t e n t l y  
and i r r e g u l a r l y  ( the d i s t a n c e  of the b r a t t i c e  c l o t h  t o  t h e  f a c e  changes) ;  

t h e  chemical p rocess  v a r i e s  (va r i e ty  of c o a l  seams, v a r i a t i o n  of coal  
s t r u c t u r e  i n  a seam and i n  a given mine, v a r i e t y  o f  mining machines);  

imperfect  ope ra t ing  equipment (numerous equipment malfunctions i n  the  rugged 
mine environment);  

inadequate sampling equipment (long-duration d u s t  samplers t o  determine 
t r a n s i e n t  d u s t  concen t r a t ions )  ; 

e r r a t i c  sampling equipment ( d i f f i c u l t  t o  s c i e n t i f i c a l l y  sample a i rbo rne  
d u s t )  ; 

h o s t i l e  environment (a 30-inch-high seam, roof f a l l s  down). 

The Bureau's program h a s  been divided i n t o  fou r  gene ra l  c a t e g o r i e s :  d u s t  c o n t r o l ,  
pe r sona l  p ro tec t ion ,  i n s t rumen ta t ion ,  nnd r h e m i c e l  xz?j .c . : ; .  ~ ; ~ p e r r : : t ~ ~ . ~ ~  sum- 
marized a s  follows: 

FY 70 FY 7 1  FY 72 FY 73 (estimated) 
($1.000) 

Dust con t ro l  1,168 2,176 1,639 1,523 
Pe r sona l  p r o t e c t i o n  32 90 106 - 
Instrumentat ion 270 44 7 253 379 
Chemic a 1 a n a l y s i s  168 - 227 - 347 - 135 - 

1,638 2,940 2,345 2,037 (estimated) 

*About 50  percent  of the c o a l  mined underground i n  the United S t a t e s  i s  obtained by 
cont inuous (mechanical) mining, 47 percent  by convent ional  (b l a s t ing )  mining, and 
3 percent  by longwall  (mechanical) mining. 
t h e  f i r s t  mining technique.  

This paper is l imi t ed  t o  d u s t  c o n t r o l  by 
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The program involves inhouse work a t  two Bureau research  f a c i l i t i e s ,  Twin C i t i e s  
Mining Research Center and P i t t sbu rgh  Mining and Sa fe ty  Research Cen te r ,  and a l s o  a n  
assortment of c o n t r a c t s  and g ran t s  wi th  ou t s ide  o rgan iza t ions .  

This paper b r i e f l y  desc r ibes  the major i tems i n  the  Bureau program and t h e i r  
s t a  tus  . 

DUST CONTROL 

Continuous mining machines were designed t o  mine c o a l  a t  a f a s t  r a t e .  They a r e  
However, by us ing  b l u n t  high-speed b i t s ,  they prob- very  e f f i c i e n t  mining machines. 

ab ly  a r e  the b e s t  machines f o r  forming dus t  t h a t  could be invented, except f o r  a 
grind ing s tone  . 

Bureau research  has  shown t h a t  continuous mining forms approximately 5,000 grams 
of r e s p i r a b l e  dus t  a t  t h e  face  per  ton of mined c o a l .  
becomes a i rborne  a t  the  face ;  the remainder remains adhering to  the run-of-face broken 
c o a l .  

About 2 grams of t h i s  dus t  

An explora tory  s t a t i s t i c a l  study ind ica ted  tha t  the  same mining occupations i n  
d i f f e r e n t  seams o f t en  had s i g n i f i c a n t l y  d i f f e r e n t  d u s t  exposures.  For example, the 
continuous miner ope ra to r  i n  the  P i t t sburgh  and Pocahontas seams i s  exposed to  m o r e  
dus t  than the same man i n  the Ki t tanning  seam, bu t  c u r i o u s l y ,  the  Ki t tanning  seam 
g ives  more dus t  along a haulage road than the  o ther  seams. Such informat ion  suggests 
bas i c  d i f f e r e n c e s  i n  the  dust-forming c h a r a c t e r i s t i c s  of d i f f e r e n t  coa l  seams, but 
t h e  explana t ion  fo r  these  d i f f e rences  i s  not p re sen t ly  known. 

Dust c o n t r o l  techniques a t  the  face inc lude :  

ava i l ab le  technology 
machine c u t t i n g  parameters 
supplementary v e n t i l a t i o n ;  d u s t  c o l l e c t o r  
water sprays  
wet t ing  agents  
pick f lu sh ing  
foam 
infus ion  

These i tems a r e  descr ibed  and a r e  followed by a concluding sec t ion  d i scuss ing  sec- 
ondary d u s t :  

Available Technology. Considerable technology i s  a l r eady  a v a i l a b l e ,  bu t  i t  i s  o f t en  
n o t  e f f e c t i v e l y  used because of  inconvenience o r  expense.  For example, while water 
sprays provide a va luable  d u s t  c o n t r o l  technique, t h e i r  p r a c t i c a l  usefu lness  under- 
ground i s  l imi ted  because they f requent ly  c log  i n  the rugged mine environment. Clean- 
i n g  or  replacement of a clogged nozzle is expensive t o  the mine ope ra to r  i n  terms of  
time and cost ,  The development of a non-clogging spray  nozzle system would reduce 
ope ra to r  expense and inconvenience and the re fo re  would inc rease  the  a c t u a l  e f f e c t i v e -  
nes s  of water sprays  a s  a d u s t  suppression technique. A c o n t r a c t  t o  develop a non- 
clogging nozzle i s  expected t o  be awarded i n  l a t e  FY 73. 

Machine Cut t ing  Parameters.  
e f f e c t  of machine parameters on the formation of  a i rbo rne  dus t  and concluded tha t  
sharp ,  slow-moving, deep-cut t ing  b i t s  produce l e s s  d u s t .  The problem now i s  to  ob- 
t a i n  q u a n t i t a t i v e  information on the  amount of  a i rbo rne  dus t  ve r sus  machine parameters 
w i th  American c o a l  and mining methods, along with c o s t  and o the r  engineer ing  i n f o m -  
t i o n .  Improvement i n  c u t t i n g  parameters i s  es t imated  t o  o f f e r  a 50-percent decrease  
i n  a i rbo rne  d u s t .  

The B r i t i s h  conducted p ioneer ing  work examining the  
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A f u l l - s c a l e  machine which permits vary ing  of t he  machine parameters (rpm, sump 
and shear r a t e ,  b i t  geometry and a r r a y )  is being cons t ruc ted  by Ingersoll-Rand under 
Bureau con t r ac t .  
v a r i a b l e s  and w i l l  be used i n  f u l l - s c a l e  underground t e s t s  t o  ob ta in  the des i r ed  in fo r -  
mation on the  e f f ec t  of t he  machine parameters ve r sus  d u s t  formation. Also, a re- 
search mining machine having a s i n g l e  f u l l - s c a l e  c u t t i n g  wheel was designed and con- 
s t r u c t e d .  This r e sea rch  machine permits the  machine parameters t o  be var ied  over a 
wider range than the f u l l - s c a l e  machine and w i l l  be used a s  a " p i l o t  p l an t "  t o  
f u r t h e r  i n v e s t i g a t e  the  e f f e c t  of c u t t i n g  parameters on t h e  formation of r e sp i r ab le  
d u s t .  F i n a l l y ,  s e v e r a l  l abo ra to ry  programs a r e  i n v e s t i g a t i n g  dus t  formation dur ing  
c u t t i n g  i n  order t o  b e t t e r  understand the fragmentation process .  Such s t u d i e s  hope- 
f u l l y  w i l l  lead t o  new b i t  des igns  and the s e l e c t i o n  of  machine parameters t h a t  reduce 
d u s t  production. 

Supplementary Ven t i l a t ion .  A i r  flow a t  a mining face  i s  normally con t ro l l ed  by l i n e  
b r a t t i c e  o r  by e x t e n s i b l e  tub ing ,  occas iona l ly  i n  conjunct ion  wi th  an  a u x i l i a r y  fan.  
However, supplementary v e n t i l a t i o n  techniques t h a t  involve machine-mounted fans  to  
draw o r  exhaust t h e  d u s t y  a i r  from the  v i c i n i t y  of the face  appear very  a t t r a c t i v e  f o r  
dus t  c o n t r o l  because they reduce the  r e c i r c u l a t i o n  of face  dus t  back t o  nearby per- 
sonnel  and can  i n  p r i n c i p l e  b e  app l i ed  to  va r ious  k inds  of  continuous mining machines 
and loca l  mining s i t u a t i o n s .  A disadvantage of t h i s  l o c a l  exhaust approach i s  t h a t  
the  dus ty  a i r  must e i t h e r  be discharged i n t o  the r e t u r n  v i a  a duc t  or  be passed 
through a machine-mounted d u s t  c o l l e c t o r  wi th  the  p a r t l y  cleaned e f f l u e n t  a i r  being 
discharged a t  the mining machine. 

The machine w i l l  b e  au tomat ica l ly  con t ro l l ed  to  avoid opera tor  

A c u r r e n t  program i s  examining the  exhaust approach with an  auger-type mining 
machine i n  low c o a l .  A machine-mounted d u s t  c o l l e c t o r  is used ,  b u t  the e f f l u e n t  a i r  
is ducted i n t o  t h e  r e t u r n .  I n i t i a l  
r e s u l t s  a r e  encouraging, b u t  a d d i t i o n a l  t e s t i n g  is r equ i r ed .  

The u n i t  i s  p re sen t ly  be ing  t e s t e d  underground. 

A severe  problem i n  c o a l  mines, e s p e c i a l l y  i n  low c o a l ,  i s  the  space l i m i t a t i o n .  
For example, the a v a i l a b l e  high-cfm fans  were too l a rge  t o  i n s t a l l  on the  low-coal 
auger machine and two small-cfm fans  had t o  be used i n  p a r a l l e l .  This was undes i rab le  
from an engineer ing  viewpoint bu t  was the only a l t e r n a t i v e  a t  the t ime. It has  s ince  
been es tab l i shed  t h a t  technology i s  indeed a v a i l a b l e  t o  f a b r i c a t e  a high-cfm, small- 
diameter fan s u i t a b l e  f o r  ope ra t ion  i n  low c o a l ,  and a prototype u n i t  i s  being con- 
s t ruc t ed  inhouse. The a v a i l a b i l i t y  of such a f an  would expedi te  the use of  supple- 
mental v e n t i l a t i o n  techniques i n  low coa l  and o t h e r  a reas  where space l i m i t a t i o n s  a r e  
c r i t i c a l  

Passing the exhaust dus ty  a i r  through a machine-mounted d u s t  c o l l e c t o r  has  mush- 
LIVL..--Y 

of avoiding duc t ing  from the machine t o  the r e t u r n .  However, the d u s t  c o l l e c t o r  must 
be very e f f i c i e n t  because any e f f l u e n t  dus t  may bathe the machine ope ra to r  and nearby 
personnel and could even inc rease  t h e i r  dus t  exposure. 
t e s t ed  i n  1970, comprising a l a rge  assor tment ,  were a l l  found unsa t i s f ac to ry  because 
of a low c o l l e c t i o n  e f f i c i e n c y  f o r  r e s p i r a b l e  s i z e  d u s t  o r  because of bulk or  s a f e t y  
problems. 
l e c t i o n  e f f i c i e n c i e s  of new f u l l - s c a l e  c o l l e c t o r s  a s  they become a v a i l a b l e .  For 
example, t he  c o l l e c t i o n  e f f i c i e n c y  of a t y p i c a l  scrubber designed for  mounting on 
the boom of a continuous miner ranged from 80 percent  fo r  1 micron dus t  t o  99 percent 
f o r  5 micron d u s t .  While s u r p r i s i n g l y  h igh ,  these  e f f i c i e n c i e s  a r e  s t i l l  toolow to  
scrub an t i c ipa t ed  incoming d u s t  l e v e l s  to a 2 mg/m3 l e v e l .  

--?.",-> ,.. ,_-:..__ _I -.-- 
y V y U A = L A L J  UUL& i3e  ~ & . a i  yedr. This approach has che d isc incr :  advantage 

Avai lab le  d u s t  c o l l e c t o r s  

The Bureau has  f ab r i ca t ed  an  above-ground f a c i l i t y  t o  eva lua te  the c o l -  

A v e n t u r i  we t - co l l ec t ion  approach appears t o  be  the most a t t r a c t i v e  mechanical 
A Bureau-designed research-type approach f o r  achieving h igh  c o l l e c t i o n  e f f i c i e n c y .  

v e n t u r i  c o l l e c t o r  w i l l  be used t o  inves t iga t e  c o l l e c t i o n  e f f i c i e n c y  ve r sus  parer  
i npu t ,  water  f lowra te ,  and o the r  engineer ing  parameters.  Resul t s  w i l l  provide 

I 
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guidance f o r  the des ign  of d u s t  c o l l e c t o r s  f o r  s p e c i f i c  s i t u a t i o n s  and can a s s i s t  a 
mine ope ra to r  t o  determine whether a mechanical c o l l e c t o r  w i l l  b r ing  him i n t o  com- 
p l i a n c e .  I n  the in t e r im ,  the Bureau is f a b r i c a t i n g  a new, s imple r ,  low-cost,  v e n t u r i  
c o l l e c t o r  t h a t  is e s p e c i a l l y  designed f o r  use i n  c o a l  mines.  

An a l t e r n a t i v e  and new approach f o r  a r e s p i r a b l e  d u s t  c o l l e c t o r  i s  to  use 
p l a s t i c  su r faces  such a s  polystyrene and polyethylene.  Such m a t e r i a l s  u sua l ly  have 
" is lands" of e l e c t r i c a l  charge t h a t  r a p i d l y  c o l l e c t  a i rbo rne  c o a l  d u s t  i f  t he  d u s t  
has  an e l e c t r i c a l  charge.  
mine d u s t  o f t e n  has  an e l e c t r i c a l  charge and t h a t  an  apprec i ab le  c o l l e c t i o n  can be 
obtained merely by passing the dus ty  a i r  through a p l a s t i c  tube.  I n  p r i n c i p l e ,  such 
c o l l e c t i o n  should be e s p e c i a l l y  e f f e c t i v e  f o r  smaller  p a r t i c l e s  because of t h e i r  
higher  mob i l i t y .  I n  view of the d i f f i c u l t y  of c o l l e c t i n g  very small p a r t i c l e s ,  the 
f e a s i b i l i t y  of a p l a s t i c - type  d u s t  c o l l e c t o r  fo r  c o a l  mine use is being explored.  

Exploratory inhouse underground t e s t s  have shown t h a t  

I n  gene ra l ,  t he  a i r  flow p a t t e r n  i n  the v i c i n i t y  of the mining machine and a t  
t he  face is c r u c i a l l y  important  i n  a f f e c t i n g  the t r anspor t  of face d u s t  back t o  the 
machine ope ra to r  and nearby personnel  i n  exhaust  v e n t i l a t i o n .  However, l o c a l  f l a t  
p a t t e r n s  a r e  l a r g e l y  unknown. Since t h e  machines usua l ly  occupy a l a r g e  f r s c t i o n  of 
the cross s e c t i o n  of an  e n t r y ,  t h e i r  presence would be expected t o  s i g n i f i c a n t l y  
in f luence  flow p a t t e r n s .  Recent inhouse work confirmed t h i s  expec ta t ion  and a l s o  
found t h a t  the motion o f  t he  c u t t i n g  wheels i n f luences  the  l o c a l  flow p t t e r n .  

A l / l 0 - sca l e  laboratory model of a low-coal e n t r y  including the  auger-type 
mining machine is being used i n  an  inhouse s tudy of l o c a l  flow p a t t e r n s  and the  e f f e c t  
of these p a t t e r n s  on t h e  t r a n s p o r t  of r e s p i r a b l e  d u s t .  This work supports  t h e  low- 
c o a l  f i e l d  c o n t r a c t .  Resu l t s  to da t e  i n d i c a t e  tha t  drawing about h a l f  of the incoming 
v e n t i l a t i n g  a i r  through the  machine l eads  t o  a d r a s t i c  r educ t ion  of t h e  dus t  l eve l s  
a t  t y p i c a l  personnel  l oca t ions .  Modeling appears  ve ry  a t t r a c t i v e  a s  a n  inexpensive 
technique fo r  screening proposed a u x i l i a r y  v e n t i l a t i o n  techniques be fo re  underground 
t e s t i n g  is i n i t i a t e d .  Underground measurements a r e  c u r r e n t l y  being made t o  v e r i f y  
t h e  modeling concept .  

Water Sprays.  One of the main d u s t  c o n t r o l  techniques p re sen t ly  i n  use  is water  
sp rays .  Sprays a r e  reported t o  reduce the r e s p i r a b l e  d u s t  l e v e l  20  t o  60 pe rcen t ,  
al though 30 percent  is a t y p i c a l  number. The type and placement of spray nozzles  
is c u r r e n t l y  se l ec t ed  i n  an a r b i t r a r y  manner because gu ide l ines  a r e  n o t  a v a i l a b l e ;  
a t y p i c a l  approach seems t o  be t o  merely add more nozzles  i n  the  hope of reducing 
more d u s t .  Techniques seemingly could be devised which would make a more e f f e c t i v e  
use of the sprays,  e g . ,  e l t h e r  g r e a t e r  dus t  suppression with the e x i s t i n g  water flow 
or  s u f f i c i e n t  suppression with a smaller  water flow r a t e .  

B r i t i s h  l abora to ry  s t u d i e s  indicated t h a t  t he  cap tu re  of a i rbo rne  r e sp i r ab le -  
s i z e  p a r t i c l e s  with water  drops i s  dependent upon t h e  s i z e ,  concen t r a t ion ,  and 
v e l o c i t y  of the drops,  although optimum spray parameters t o  be used t o  achieve maxi- 
mum d u s t  suppression f o r  underground spray systems were not  determined. 

A Bureau program t o  determine these optimum parameters fo r  a spray system was 
undertaken. A t h e o r e t i c a l  model fo r  t h e  cap tu re  of a i rbo rne  d u s t  was developed and 
v e r i f i e d  i n  the l abora to ry .  Capture e f f i c i e n c i e s  of up t o  75 percent  were obtained.  
The theory can be used t o  s e l e c t  an optimum spray nozzle  which gives  the maximum 
c o l l e c t i o n  e f f i c i e n c y  of a i rbo rne  d u s t  a t  a s p e c i f i c  spray-nozzle loca t ion  i n  a mine 
f o r  the water f lowra te ,  l i n e  pressure,  and geometry a t  t h a t  l oca t ion .  I n  p r a c t i c e ,  
of course,  the water sp ray  drops can a l s o  impact and moisten the su r face  of c o a l  and 
thereby suppress the formation o f  a i rbo rne  d u s t  by i n t e r f e r i n g  with t h e  dust-forming 
c u t t i n g  process o r  by enhancing the adhesion of newly-formed p a r t i c l e s .  The develop- 
ment of a t h e o r e t i c a l  impaction model i s  being s tudied inhouse.  Combination of the 
impaction and a i rbo rne  models w i l l  then be at tempted.  

I 
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I n  the  in te r im,  the  usefu lness  of the  above a i rbo rne  theory  f o r  improved d u s t  
suppression a t  the f r o n t  end of  a continuous mining machine was t e s t ed  underground. 
I n  one t e s t  s e r i e s ,  dus t  suppress ion  was about equa l  wi th  a l l  spray  nozz les ,  a l though 
the  "good" sprays used about one- th i rd  l e s s  water t han  o the r  sprays .  I n  another  l e s s  
ex tens ive  s e r i e s ,  t he  good sprays  a l s o  gave one-third l e s s  d u s t .  '&e use of one- 
t h i r d  l e s s  water i s  a major accomplishment because many mines a l r eady  have excessive 
mois ture .  Additional underground t e s t i n g  is requi red  t o  ob ta in  d e f i n i t i v e  d a t e  r e -  
gard ing  d u s t  suppression. 

Another Bureau program ind ica t ed  t h a t  steam and water spray  were about equs l  i n  
e f f e c t i v e n e s s  fo r  suppress ing  the  formation of  a i rbo rne  d u s t  o r  for  c o l l e c t i n g  a i r -  
borne d u s t .  The use  of  steam underground would involve d i f f i c u l t  l o g i s t i c s  and i s  
no t  recommended. 

Wetting Agents. The use fu lness  of wet t ing  agents  f o r  increas ing  the e f f ec t iveness  of 
water sprays  as a d u s t  c o n t r o l  technique i s  c o n t r o v e r s i a l .  Some workers s t a t e  t h a t  
they  a r e  wor th less ,  o t h e r s  s t a t e  they  a r e  h e l p f u l ,  and the re  is l i t t l e  published da ta  
t o  support  e i t h e r  s t a t emen t .  C l a r i f i c a t i o n  i s  warranted i n  view of t he  expense and 
inconvenience assoc ia ted  wi th  us ing  such agen t s .  The Bureau had a con t r ac to r  measure 
the  wet t ing  behavior o f  16 wet t ing  agen t s  on coa l  from s i x  d i f f e r e n t  seams. A l l  
agen t s  e s s e n t i a l l y  wetted a l l  the c o a l s .  A t  p r e sen t ,  another  con t r ac to r  i s  measuring 
the drop s i z e  and v e l o c i t y  of the  sprays  from seve ra l  nozz les  with seve ra l  wet t ing  
agen t s .  Underground tests w i l l  be conducted to  e s t a b l i s h  the  usefu lness  of wet t ing  
agents  a s  a dust  suppress ion  technique .  

B i t  F lush ing .  B r i t i s h  s t u d i e s  ind ica ted  t h a t  a 75 pe rcen t  reduct ion  i n  d u s t  i s  
obta inable  by d i r e c t l y  f l u s h i n g  the  c u t t i n g  b i t s  wi th  water .  However, i n t e r n a l  plug- 
g ing  of the o r i f i c e s  and s e a l  leakage have prevented t h i s  technique from being widely 
used i n  the United S t a t e s .  Although approximately 40 such "wet-head'' machines a r e  
underground, only two a r e  r epor t ed  t o  be us ing  the wet-head mode. A con t r ac to r  has  
designed an improved s e a l  w i th  one type of  wet-head r i p p e r  machine and i s  p resen t ly  
conducting underground t e s t s .  

Foam. 
expansion foam t o  "b lanket"  the  c u t t i n g  s i t e  and thus  phys ice l ly  prevent any dus t  
from becoming a i rbo rne .  Seve ra l  s t u d i e s  t o  e s t a b l i s h  the mer i t  of foam have been 
attempted over the p a s t  10 y e a r s ,  bu t  r e s u l t s  were inconclus ive  because of i n s u f f i -  
c i e n t  underground t e s t i n g .  The Bureau therefore  i n i t i a t e d  a new, more d e t a i l e d  
e f f o r t  i n  order  t o  ob ta in  d e f i n i t i v e  r e s u l t s  on the  usefu lness  o f  foam. Br ie f  under- 
ground t e s t s  i n  FY 72 e s t a b l i s h e d  t h a t  t he  foam broke r a p i d l y ,  t ha t  t he re  were no 
s l i p  hazards ,  and t h a t  the foam was w e l l  received by mine personnel.  However, the  
underground t e s t i n g  regard ing  dus t  suppress ion  was inconclus ive ,  and the  program i s  
be ing  continued t o  nhteifi suff ic icc:  2e:e i n  tide‘ LU be s c a c i s t i c a l l y  s i g n i f i c a n t .  

In fus ion .  
d u r i n g  subsequent mining. 
poss ib l e  a s  a dust  c o n t r o l  technique ,  bu t  implementation seemingly i s  l e f t  t o  the  
d i s c r e t i o n  of ind iv idua l  mines.  About 15 percent of the c o l l i e r i e s  i n  England a r e  
us ing  in fus ion  to  c o n t r o l  d u s t  bu t  a r e  having problems due t o  t h e  la, permeabi l i ty  
of  English coa l  beds.  

The use  of foam for  d u s t  suppress ion  i s  based on t h e  concept of us ing  a high- - 

Water in fus ion  h a s  been use fu l  i n  Europe f o r  reducing dus t  formation 
German mining r egu la t ions  r equ i r e  w a t e r  i n fus ion  wherever 

In fus ion  has received only  l imi ted  a t t e n t i o n  in  the United S t a t e s  owing t o  
engineering-type equipment problems. The Bureau i n i t i a t e d  an infus ion  program with 
the  dua l  ob jec t ives  of c o n t r o l l i n g  methane and reducing t h e  formation of  the d u s t .  
To d a t e ,  s i g n i f i c a n t  methane c o n t r o l  has  been achieved and d u s t  seemingly i s  reduced 
by about 50 percent .  
o b t a i n  d e f i n i t i v e  r e s u l t s .  

However, cons iderable  a d d i t i o n a l  f i e l d  work is requi red  t o  
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Secondary Dust Generat ion.  P o i n t s  of secondary dus t  gene ta t ion  inc lude  the  ga the r ing  
arms on the continuous mining machine o r  loader ,  dumping o f  m a t e r i a l  i n t o  the s h u t t l e  
c a r ,  ope ra t ion  of the s h u t t l e  c a r  along the roadway, b e l t  ope ra t ion ,  b e l t  t r a n s f e r  
p o i n t s ,  e t c .  

Inhouse Bureau work has  shown t h a t  enough r e sp i r ab le - s i ze  c o a l  d u s t  adheres  t o  
20 pounds of o rd ina ry  run-of-face broken c o a l  t o  contaminate approximetely 1 m i l l i o n  
cu f t  of a i r  up to  the  2 mg/m3 l e v e l  i f  i t  should become a i r b o r n e .  
danger o f  secondary hau l ing  a s  a d u s t  source is obvious.  The magnitude o f  t he  fo rces  
involved i n  phys i ca l  adhesion of c o a l  p a r t i c l e s  t o  massive s u b s t r a t e s  was measured 
and found t o  approximately agree wi th  expected adhesion f o r c e s .  

The p o t e n t i a l  

l abo ra to ry  work i n d i c a t e s  t h a t  only about 10 percent  of the d u s t  adhering to  
t h e  run-of-face c o a l  is dislodged and becomes a i rbo rne  du r ing  a t y p i c a l  drop opera- 
t i o n .  Dust generat ion can be reduced only somewhat by changing the  b e l t  parameters,  
e .g . ,  the  d u s t  would be reduced by about 30 percent  by dec reas ing  the  d rop  he igh t  o r  
slowing the b e l t  by a f a c t o r  of 2 .  A 70-percent r educ t ion  of d u s t  should be obtain-  
ab le  by passing the  broken c o a l  down an inc l ined  chu te  in s t ead  of a v e r t i c a l  d rop  o r  
by using water  sprays along the  b e l t  somewhat upstream of the  drop p o i n t .  These 
l abora to ry  conclusions have not  y e t  been t e s t e d  i n  s f u l l - s c a l e  ope ra t ion .  

A t  an underground b e l t  t r a n s f e r  po in t ,  water  sprays o r  a low-expansion foam 
in j ec t ed  d i r e c t l y  i n t o  the  f a l l i n g  coa l  reduced the formation o f  a i rbo rne  d u s t  by 
about 50 pe rcen t .  
b e l t  reduced a i rbo rne  d u s t  by 60 pe rcen t ,  while  foam on the  underside of t he  b e l t  
reduced d u s t  by 90 pe rcen t .  

Addit ional  a p p l i c a t i o n  of water  sprays onto the underside of the 

Laboratory r e sea rch  i n d i c a t e s  t h a t  the formation of new d u s t  due t o  secondary 
breakage du r ing  dropping is i n s i g n i f i c a n t  compared t o  the  dis lodgnent  of adhering 
d u s t .  

PERSONAL PROTECTION 

While the  Bureau does n o t  consider  personal  p r o t e c t i v e  devices  such a s  face 
masks a s  a primary approach f o r  reducing the mine r ' s  exposure t o  d u s t ,  such personal  
p ro tec t ion  can be v i sua l i zed  a s  an  in t e r im  measure and a l s o  a s  a " l a s t  a l t e r n a t i v e "  
f o r  c e r t a i n  dus ty  ope ra t ions  i n  case remedial  measures a r e  unsuccessful .  
f i l t e r - t y p e  f ace  mask is undesirable  because of (1) a high-pressure d rop  when c l ean  
and an excessive pressure d rop  during use due t o  plugging, (2) a n  imperfect  match to  
the  f a c i a l  contour ,  (3) poor day-to-day r e f i t  i n  the f i e l d ,  (4) i r r i t a t i o n  due t o  
d u s t  a t  t h e  mask-face junc tu re ,  and (5) i n t e r f e rence  with voice c o m u n i c a t i o n ,  
s p i t t i n g ,  e t c .  

The p resen t  

A personal  device employing the  a i r  c u r t a i n  concept is presen t ly  being developed 
under Bureau c o n t r a c t .  Dusty a i r  from the  environment is f i l t e r e d  and an  a i r  c u r t a i n  
of dus t - f r ee  a i r  i s  passed from the  h a t  brim down Over the mine r ' s  f a c e ,  thereby 
sh ie ld ing  him from the dus ty  environment. Such a u n i t  r e q u i r e s  cons ide rab le  power 
and the re fo re  i s  l imited t o  machine ope ra to r s  bu t  hope fu l ly  w i l l  be o f  i n t e r e s t  t o  
indus t ry  i n  gene ra l .  

INSTRUMENTATION 

Improved d u s t  samplers f o r  monitoring the  eight-hour exposure of miners and a l s o  
f o r  r e sea rch  purposes a r e  r equ i r ed .  
sununarized i n  an I n t e r n a t i o n a l  Labor Organizat ion r e p o r t  (1967), which concludes t h a t  
"No eva lua t ion  o r  comparison o f  d u s t  con ten t  has  any s i g n i f i c a n c e  ... un les s  the type 

of equipment,  the method of sampling, and t h e  na tu re  of t h e  d u s t  a r e  p r e c i s e l y  known." 

The s t a t e -o f - the -a r t  i n  d u s t  sampling is a p t l y  
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The dus t  hazard i n  United S t a t e s  mines c u r r e n t l y  is assessed  g rav ime t r i ca l ly  
wi th  a persona1 scrmpler c o n t i n u a l l y  worn by the  miner dur ing  h i s  working s h i f t .  
sampler uses  a battery-powered pump t o  draw 2 l/min of dus ty  a i r  through a cyc lone ,  
which c o l l e c t s  the nonresp i r ab le  d u s t ,  and then through a membrane f i l t e r ,  which 
c o l l e c t s  t h e  r e s p i r a b l e  f r a c t i o n .  The f i l t e r  is weighed i n  the l abora to ry  t o  d e t e r -  
mine the  t o t a l  mg/m3 o f  d u s t  exposure; 2 mg of weighed d u s t  approximately corresponds 
t o  2 m g h 3  exposure f o r  e i g h t  hour s .  

Although t h i s  system func t ions ,  the weight and s i z e  of  the  personal  sampler is 
burdensome t o  the  miner,  the  sampler is sub jec t  t o  misch ie f ,  the  e n t i r e  approach is 
expensive,  and the  accuracy of the  system has  been ques t ioned .  

The 

Bureau research  has  ind ica t ed  t h a t  about h a l f  of t h e  1 t o  2 pm underground a i r -  
borne p a r t i c l e s  a r e  agglomerated t o  l a rge  nonresp i rab le  a i rborne  p a r t i c l e s .  This 
means, unfor tuna te ly ,  t h a t  a s i z e  c l a s s i f i e r  must be used wi th  any sampler, i . e . ,  t he  
sampler merely cannot c o l l e c t  a l l  the dus t  a n m e  r e s p i r a b l e  f r a c t i o n  measured in 
the labora tory ,  f o r  t h e  r e s p i r a b l e  dus t  concent ra t ion  then would be overestimated. 

Respirable dus t  nominally involves  7.1 Km-diameter or smal le r  p a r t i c l e s  and is 
s p e c i f i c a l l y  def ined  by t h e  Act in terms of  the s i z e  c l a s s i f i e r  of the  B r i t i s h  MRE 
dus t  sampler.  However, medical a u t h o r i t i e s  a r e  s e r i o u s l y  cons ider ing  r e v i s i n g  the  
TLV s tandard  f o r  s i l i c a  t o  emphasize the  smal le r  s i z e  p a r t i c l e s .  Also, some medical 
workers f e e l  t h a t  d u s t  p a r t i c l e s  somewhat l a rge r  than the  r e s p i r a b l e  f r a c t i o n  may 
lead to some r e s p i r a t o r y  d i s e a s e s ,  whi le  o the r s  f e e l  t h a t  the  submicron p a r t i c l e s  a r e  
e s p e c i a l l y  dangerous t o  human h e a l t h .  Furthermore, medical a u t h o r i t i e s  a r e  becoming 
inc reas ing ly  concerned t h a t  sho r t  exposures to  high d u s t  l e v e l s  may be more hazardous 
than t h e  eight-hour time-averaged va lue  of the d u s t  exposure,  which is t he  present  
b a s i s  of  t he  dus t  s t anda rd .  

Research purposes r equ i r e  a sho r t -du ra t ion ,  fas t - response  f i e l d  sampler t o  t e s t  
the e f f ec t iveness  of a d u s t  c o n t r o l  technique and to  a s s i s t  the i d e n t i f i c a t i o n  of 
dus t  sou rces .  The p resen t  midget imptnger u n i t  r e q u i r e s  about 10 minutes to o b t a i n  
s u f f i c i e n t  dus t  f o r  a n a l y s i s  by the Cou l t e r  counter .  This technique is reasonably 
s a t i s f a c t o r y  f o r  s c reen ing ,  comparison-type purposes.  However, a 10-minute sample 
t i m e  is excessive f o r  monitoring many mining opera t ions  owing to  the  s h o r t  du ra t ion  
of t h e  ope ra t ion .  

Light s c a t t e r i n g  is a t t r a c t i v e  because response t i m e  is r ap id  and t h e  e l e c t r i c a l  
ou tput  s i g n a l  can be r e a d i l y  measured and could be telemetered o r  used in c o n t r o l  
c i r c u i t r y .  However, l i g h t  s c a t t e r i n g  is r e l a t e d  t o  the  a rea  of  the p a r t i c l e s  in a 
d u s t  c loud ,  and r e s u l t s  must be converted t o  mass concent ra t ion  (mg/m3). 
l a h v e t e r y  lest, t h i s  cc::-cr;ic:. :e reaeor~'i:y i i p i & u c i i i i e .  U i t ' n  mine d u s t ,  the  
s i z e  d i s t r i b u t i o n  v a r i e s ,  and v a r i a b l e  amounts of  noncoal ma te r i a l s  t ha t  have d i f -  
f e r e n t  d e n s i t i e s  and indexes  of r e f r a c t i o n  a r e  o f t e n  present .  
lead to a v a r i a b l e  (and unknown) conversion f a c t o r .  Despite t he  p o t e n t i a l  unce r t a in ty  
in t he  conversion f a c t o r ,  a prototype u n i t  was f ab r i ca t ed  by a c o n t r a c t o r .  The u n i t  
has a f a s t  response time (5 seconds) and a l r eady  has  been va luable  in underground work 
as a "screening" t o o l .  

With 

Such v a r i a t i o n s  w i l l  

CHEMICAL ANALYSIS 

The 1969 A c t  s p e c i f i e s  a maximum exposure t o  r e s p i r a b l e  coa l  'mine d u s t  of 2 mg/m3 
bu t  a l s o  s t i p u l a t e s  t h a t  t h e  permitted l e v e l  is reduced below the 2 mg/m3 standard to  
the va lue  given by the express ion  lO/(percent qua r t z )  t o  match the TLV of  100 ~ g / m ~  
quar tz  f o r  an  eight-hour exposure.  A l l  the s i l i c a  in a coal-mine d u s t  sample is 
assumed to  be q u a r t z .  
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A t  p r e sen t ,  the Bureau ana lyzes  the  qua r t z  con ten t  i n  mine d u s t  by removing the 
d u s t  from about 10 personal  r e s p i r a b l e  d u s t  samples, canbin ing  the d u s t s ,  ash ing  the 
combined d u s t ,  making a KBr p e l l e t  of t h e  ashed d u s t ,  and measuring the amount of 
s i l i c a  i n  the  p e l l e t  wi th  i n f r a r e d  (IR) techniques .  This approach i s  time consuming 
and expensive and, by combining the  s i l i c a  con ten t  of the  s e v e r a l  samples, does not 
give the  eight-hour exposure of  an ind iv idua l .  

A technique f o r  ana lyz ing  the  s i l i c a  con ten t  of a s i n g l e  f i e l d  f i l t e r  sample 
was r e c e n t l y  developed by the Bureau wherein the  dus t  was removed and redepos i ted  
onto  a new f i l t e r  and then analyzed by I R  and X-ray techniques .  Resu l t s  obtained 
by both  techniques agreed, g iv ing  support  t o  the va lues  obtained by both  techniques .  
However, the  t rue  accuracy of  any of the  mentioned methods i s  exceedingly d i f f i c u l t  
t o  de te rmine .  Also, t he  e f f e c t  of p s r t i c l e  s i z e ,  the occurrence of o the r  S i 0 2  poly- 
morphs. and perhaps su r face  e f f e c t s  must be examined. 

D i rec t  measurement of  the  s i l i c a  i n  the mine d u s t  a s  c o l l e c t e d  on the f i e l d  
f i l t e r  sample would g r e a t l y  expedi te  a n a l y s i s  and i s  being explored by the  Bureau 
and a Contractor using I R  techniques and by another  con t r ac to r  using a new s o f t  
X-ray approach. 

Recent work i n  West Germany i r d i c a t e s  t h a t  s i l i c a  d u s t s  from d i f f e r e n t  c o a l  mines 

Considerable c l a r i f i c a t i o n  of the hazards a s soc ia t ed  with s i l i c a  by medical 
have s i g n i f i c a n t l y  d i f f e r e n t  t o x i c i t i e s  d e s p i t e  s i m i l a r  p a r t i c l e  s i z e s  and concentra- 
t i o n s .  
a u t h o r i t i e s  appears necessary .  

Medical r e sea rche r s  have become inc reas ing ly  concerned t h a t  small q u a n t i t i e s  
of  inorganic  and o ther  m a t e r i a l s  i n  the c o a l  mine dus t  may add t o  the  h e a l t h  hazard .  
The Bureau i n i t i a t e d  seve ra l  programs t o  develop labora tory  a n a l y t i c a l  methods t o  
measure the  concent ra t ions  of a s so r t ed  m a t e r i a l s  i n  a n t i c i p a t i o n  t h a t  s t anda rds  may 
be e s t a b l i s h e d .  I n  a d d i t i o n ,  techniques were developed f o r  measuring the  sur face  
a r e a s  and dens i ty  of d i f f e r e n t  s i z e  f r a c t i o n s  i n  the  r e s p i r a b l e  d u s t ,  i n  a n t i c i p a t i o n  
t h a t  such information would be of medical va lue .  However, medical a u t h o r i t i e s  have 
been h e s i t a n t  t o  promulgate new s tandards  i n  these a r e a s ,  and only one program exam- 
in ing  carc inogenic  organic compounds i n  r e s p i r a b l e  d u s t  has been cont inued .  

CONCLUSION 

The f i n a l  ob jec t ive  of t he  present  Bureau program is t o  provide advanced tech- 
nology t o  c o n t r o l  a i rborne  r e s p i r a b l e  d u s t  i n  c o a l  mines by 1975 and p re fe rab ly  
e a r l i e r .  An assortment of  approaches i s  being explored ,  f o r  i t  i s  un l ike ly  t h a t  a 
s i n g l e  technique w i l l  be e q u a l l y  s u i t a b l e  f o r  the  d ive r se  mining ope ra t ions .  The 
present  r e s p i r a b l e  dus t  problem i s  almost unique i n  indus t ry  because con t ro l l ed  
experiments a r e  d i f f i c u l t  t o  perform, d u s t  samplers a r e  imperfec t ,  and the  environ- 
ment is exceedingly h o s t i l e .  
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INVESTIGATION OF MATERIALS FOR USE A S  A MINE SEALANT/COATING, J. R. Carlson and 
W. P. Banks, Contlnental 011 Company, P. 0. Box 1267, Ponca Ci)y, Ukiahorna 14601. 

Tho deter iorat ion o f  r ib-roof surfaces i n  coal mine en t r i es  which must be maintained 
f o r  many years Is a serlous problem. A coatlng of sprayed urethane foam Is known t o  ef -  
f ec t l ve l y  control de te r io ra t i on  i n  many cases, bu t  a t  the same t i m e  poses a f i r e  hazsrd. 
Thls paper presents an overview o f  recent work done w i th  Consoildatlon Coal Company t o  
f i n d  an effect ive, non-hazardous coating. Performance c r i t e r l a  are summarized f o r  var i -  
ous mine condlt ions and are re la ted t o  deslred baslc material properties. 
laboratory and f i e l d  t es ts  on several types o f  materials using varied approaches t o  the 
problem are dlscussed. 
these materlals. 

Results of 

Comparlsons are made on the safety, performance and economics o f  

I 
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THE EXTINCTION LIMITS OF AN ESTABLISHED FLAME 
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INTRODUCTION 

Many c o a l  mine e x p l o s i o n s  o r i g i n a t e  when t h e  me thane -a i r  mix tu re  
a t  t h e  workinq f a c e  i s  i g n i t e d .  The a i r  motion r e s u l t i n g  from t h e  
i n i t i a l  combust ion c a u s e s  t h e  coal  d u s t  l a y e r  on  t h e  w a l l s  to  become 
s t i r r e d  i n t o  t h e  a i r  ahead  of t h e  p r o p a g a t i n g  f lame.  The e x p l o s i o n  
process then  hecomes one  o f  a p r o p a g a t i n g  coal d u s t  methane f l a r x .  
The re fo re ,  any  d e v i c e  which is des igned  to  e x t i n g u i s h  t h e  f lame h y  
add ing  some so r t  o f  s u p p r e s s a n t  t o  t h e  unburned a i r  must be e f f e c t i v e  
w i t h  c o a l  d u s t  methane f l ames  o f  va ry ing  p r o p o r t i o n s .  It i s ,  t h e r e -  
f o r e ,  e s s e n t i a l  t o  have  a knowledge o f  t h e  e f f e c t i v e n e s s  of v a r i o u s  
s u p p r e s s a n t s  and  t h e  mechanism b y  which t h e y  work. 

I n  t h i s  p r o j e c t ,  w e  a r e  d e v e l o p i n g  a t e c h n i q u e  t o  s t u d y  b o t h  t h e  
e f f e c t i v e n e s s  and s u p p r e s s i o n  mechanism f o r  v a r i o u s  s o l i d  and gascorls 
s u p p r e s s a n t s  i n  methane coal  d u s t  a i r  f l ames .  I n  t h i s  p a p e r ,  w e  a r c  
r e p o r t i n g  some i n i t i a l  r e s u l t s  d e a l i n g  w i t h  t h e  e f f e c t  of gaseous  
s u p p r e s s a n t s  on a gaseous  methane a i r  f lame.  

h a d i t i o n a l l y ,  t h e  f l a m m a b i l i t y  of s u c h  f u e l - a i r  s u p p r e s s a n t  
m i x t u r e s  h a s  been  de te rmined  b y  o b s e r v i n g  t h e  upward or downward pro- 
p a g a t i o n  o f  a f l ame  o v e r  a f i x e d  d i s t a n c e  i n  a r e l a t i v e l y  l a r g e  d i a -  
meter tube  a f t e r  i g n i t i o n  a t  the  open end o f  t h e  t u b e  ( 1 ) .  There  i s ,  
however,  some q u e s t i o n  as to  the a p p l i c a b i l i t y  o f  t h i s  t y p e  of d a t a  to 
t h e  case where a flame propagates from a f u l l y  flammable r e g i o n  i n t o  a 
r e g i o n  t h a t  c o n t a i n s  a s u p p r e s s a n t .  

This pape r  d e s c r i b e s  a new t e c h n i q u e  f o r  d e t e r m i n i n g  f l a m m a b i l i t y  
l i m i t s  u s i n g  a l a r g e  s t e a d y  f low b u r n e r  i n  which t h e  s u p p r e s s a n t  n ix -  
t u r e  i s  p l a c e d  i n  c o n t a c t  w i t h  a f lame p r o p a g a t i n g  th rough  a m i x t u r e  
devo id  o f  S u p p r e s s a n t  i n  a n  a t t e m p t  to  more r e a l i s t i c a l l y  model t h e  
mine s i t u a t i o n .  

THE BURNER 

I n  o r d e r  t o  i n v e s t i g a t e  the problem o f  d i r e c t  e x t i n g u i s h m e n t ,  a 
special  s t e a d y  f l o w  b u r n e r  w a s  c o n s t r u c t e d .  P r o v i s i o n s  have  been made 
f o r  t h e  u s e  o f  c o a l  d u s t  a s  a f u e l  and  s o l i d s  a s  s u p p r e s s a n t s  a l though  
t h e y  were n o t  used  to o b t a i n  t h e  r e s u l t s  d i s c u s s e d  i n  t h i s  r e p o r t .  
The basic o b j e c t i v e  of t h e  b u r n e r  d e s i g n  w a s  t o  o b t a i n  two r e l a t i v e l y  
l a r g e  a r e a  s t r e a m s ,  one  of which w i l l  s u p p o r t  a s t e a d y  o b l i q u e  f lame 
s h e e t  such  t h a t  t h e  f lame c a n  be made t o  p r o p a g a t e  from t h i s  f u l l y  
flammable r e g i o n  i n t o  a n o t h e r  r e g i o n  c o n t a i n i n g  s u p p r e s s a n t .  This  was 
accomplished b y  d i v i d i n g  t h e  f low a r e a s  a t  t h e  b u r n e r  head i n  t h e  
manner shown i n  F i g u r e  1. 

The two i n n e r  r e c t a n g u l a r  r e g i o n s  of t h i s  b u r n e r  a r e  f e d  by f lows  
t h a t  c o n t a i n  o n l y  a f u e l - a i r  m i x t u r e  for the l a r g e r  a n n u l a r  shaped  
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r e c t a n g u l a r  r e g i o n  and f u e l - a i r  s u p p r e s s a n t  m i x t u r e s  €or t h e  c e n t r a l  
r e c t a n g u l a r  r e g i o n .  The o u t e r  o f  these two r e g i o n s  t h e r e f o r e  p r o v i d e s  
a t y p i c a l  non-suppressed premixed l a m i n a r  f lame as a n  i g n i t i o n  f lame 
w h i l e  t h e  i n n e r  r e g i o n  c o n t a i n s  a f l o w  i n  which a s u p p r e s s a n t  may b e  
added to t h e  m i x t u r e  to tes t  f o r  f l a m m a b i l i t y  l i m i t  b e h a v i o r .  The 
flow r a t e s  and c o m p o s i t i o n  o f  each r e g i o n  may be v a r i e d  and measured 
i n d e p e n d e n t l y  u s i n g  r o t a m e t e r s .  The n i t r o g e n  f l o w s  a l o n g  t h e  t w o  s h o r t  
edges  o f  t h e  b u r n e r  p r e v e n t  f lame a t t a c h m e n t  a t  t h e  end o f  t h e  b u r n e r  
and f a c i l i t a t e  end-on o b s e r v a t i o n  of t h e  f lame (i.e.,  o b s e r v a t i o n  a l o n g  
t h e  major a x i s  o f  t h e  b u r n e r ) .  The a i r  c h a n n e l s  a l o n g  t h e  l o n g e r  o u t e r  
edges  of  the  b u r n e r  s h i e l d  t h e  o u t e r  edges  o f  t h e  f lame from e x t e r n a l  
d i s t u r b a n c e s  and c a n  be used to  s t a b i l i z e  l a r g e  d i f f u s i o n  f lames  i n  t h e  
a n n u l a r  r e c t a n g u l a r  f l o w  regime.  Plow d i f f u s e r s  have  been  p l a c e d  i n  
a l l  o f  t h e  f low s t r e a m s  below t h e  b u r n e r  head i n  o r d e r  t o  o b t a i n  'a 
uniform f low v e l o c i t y  i n  each  o u t l e t  r e g i o n  o f  t h e  b u r n e r .  The f i n a l  
e x i t  p l a n e  o f  t h e  b u r n e r  i s  f i l l e d  w i t h  o v e r  2000 c l o s e l y  packed 1/8 
i n c h  s t a i n l e s s  s t e e l  t u b e s  which a r e  long  enough to  d e v e l o p  and s t a -  
b i l i z e  a f u l l y  l a m i n a r  f low a t  t h e  b u r n e r  head .  These t u b e s  also s e r v e  
t o  quench t h e  f lame and p r e v e n t  f l a s h  back i n t o  t h e  body o f  t h e  b u r n e r  
a t  low flow v e l o c i t i e s .  I n  a d d i t i o n ,  as shown i n  F i g u r e  1, t h e  b u r n e r  
head c o n t a i n s  a number o f  p a r a l l e l  s t a i n l e s s  s t e e l  shim s t o c k  s p a c e r s  
which h e l p  s t a b i l i z e  b o t h  t h e  f low and  the f lame.  

I 

THE TECHNIQUE . 

I The flame s h a p e s  t h a t  are obse rved  i n  t h i s  b u r n e r  are a c t u a l l y  
q u i t e  complex and ,  i n  g e n e r a l ,  depend upon t h e  s t o i c h i o m e t r y  o f  b o t h  
t h e  s u r r o u n d i n g  i g n i t i o n  s t r e a m  and t h e  c e n t r a l  s u p p r e s s a n t  s t r e a m  as I 

w e l l  as t h e i r  v e l o c i t i e s .  I 
I 

It has  been  found t h a t  i n  t h e  i g n i t i o n  s t r e a m  a s i n g l e  l a r g e  t e n t  
f lame,  open a t  b o t h  e n d s ,  may b e  e a s i l y  s t a b i l i z e d  o n  t h e  r i c h  s i d e  
even though on t h e  l e a n  s i d e  it i s  e a s i e r  t o  s t a b i l i z e  a f lame which 
a t t a c h e s  to  m o s t  o f  t h e  shim s p a c e r s  and t h e r e b y  p roduc ing  a s h o r t e r  
h e i g h t  m u l t i p l e  t e n t  f l a m e  which is a l s o  open a t  t h e  ends.  I n  a l l  
t h e s e  c a s e s ,  t h e  i n n e r  tes t  s t ream,  which may c o n t a i n  s u p p r e s s a n t ,  i s  
c o n t a c t e d  on f o u r  s i d e s  b y  a h o t  p r o d u c t  s t r e a m  i s s u i n g  from t h e  
i g n i t i o n  reg ion .  

I n  t h e  e x p e r i m e n t s  on  f l a m m a b i l i t y ,  w e  a r e  i n t e r e s t e d  i n  how t h i s  
c e n t r a l  s t r e a m  behaves  as i t s  compos i t ion  p a s s e s  th rouuh  t h e  flammabi- 
l i t y  l i m i t  o f  t h e  m i x t u r e .  P r e l i m i n a r y  o b s e r v a t i o n s  showed t h a t  f o r  
s u p p r e s s a n t  and i g n i t i o n  s t r e a m  e q u i v a l e n c e  r a t i o s  which were l e a n -  
r i c h  or r i c h - l e a n  and f o r  a flammable mix tu re  i n  t h e  s u p p r e s s a n t  
s t r e a m  t h e  b u r n e r  a lways  e x h i b i t e d  a c e n t r a l  t e n t  f lame i n  t h e  suppres-  
s a n t  s t r e a m  which was anchored  a t  t h e  r e c t a n g u l a r  s t r e a m  d i v i d e r  edges.  
However, f o r  a r i c h - r i c h  o r  l e a n - l e a n  i n t e r f a c e ,  t h e  f lame d i d  n o t  
a t t a c h  a t  t h e  i n t e r f a c e  d i v i d e r  edge b u t  i n s t e a d  p r o p a g a t e d  a c r o s s  t h e  
i n t e r f a c e  to  p roduce  a f lame which, i n  g e n e r a l ,  s i t u a t e d  i t s e l f  a t  a 
d i f f e r e n t  o b l i q u e  a n g l e  t h a n  t h a t  which e x i s t e d  i n  t h e  i g n i t i o n  s t ream.  
These t w o b e h a v i o r s  are  i l l u s t r a t e d  f o r  a s e c t i o n  o f  t h e  f lame i n  
F i g u r e  2. I 

It w a s  o b s e r v e d  t h a t  i f  one viewed t h e  f l a m e . a l o n g  t h e  mayor a x i s  
o f  t h e  b u r n e r  a s  one a l t e r e d  t h e  s u p p r e s s a n t  s t r e a m  compos i t ion  from 
flammable to in f l ammable ,  t h e  i n c l u d e d  a n g l e  o f  t h e  c e n t r a l  t e n t  flame 
a t  f i r s t  r a p i d l y  approached  an a n g l e  which was n e a r  z e r o  and t h e n  
remained a t  or n e a r  t h a t  small a n g l e  w i t h  f u r t h e r  changes  i n  composi- 
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tion. Interestingly enough, this type of distinct limit behavior was 
observed for either of the interface geometries described in Figure 2 .  

Based on the above observations, the following procedure for 
determining flammability limits was developed. A premixed laminar 
flame was established in the outer (non-suppressed) stream, while the 
mixture in the inner (suppressant) stream was set well beyond the 
flammability limit in order to prevent flashback. The flows were ad- 
justed so that the inner stream velocity always remained close to that 
of the outer stream. 

During an experimental run the composition of the inner (suppres- 
sant) stream was changed systematically so that its composition varied 
in steps from a completely non-flannrable to a completely flamabie 
mixture. This was done by either changing the percentage of fuel 
(methane) or the percentage of suppressant depending upon the region 
of the flammability curve that was to be investigated in that parti- 
cular run. Observations of the flame angle were made through a trans- 
parent plexiglass window located approximately three feet frcn the 
burner head. For each of the flow settings (i.e., for each of the 
compositions of the suppressant stream) the operator placed his eye in 
line with each flame tent edge and drew lines parallel to each side of 
the flame sheet as it existed just inside of the suppressant stream. 
A transparent plastic sheet was mounted on the plexiglass wiiiciow for  
this purpose. In this way an accurate measurement of the included 
flame anqle was obtained for that particular set of rotamctm scttinqs. 
This includcdangle between the two flame sheets was divided by two to 
obtain, t h e  oblique flame angle a. Since this operation was pcrforned 
for a number of points during a systematic change in composition, the 
technique in effect involves titrating the flame for an end point 
corresponding to the flammable limit of that particular mixture. 
Figure 3 illustrates the experimentally obtained relationship hetwecn 
the included flame half angle, a, and the fuel concentration in the 
suppressant stream for three different suppressant percentages. In 
this case the percent methane was t h e  titration variable. Observe 
the decrease of at towards zero with a distinct change in the slope of 
the alpha-fuel composition curve when the angle becomes close to zero. 
In some cases, the stream lines were slightly divergent or convergsn? 
so that the maximum inflection in the curve (end point) was ohserveci 
for values of alpha slightly less than or slightly qreatcr than zcra. 
In actual practice, the flammable limit composition was chosen a s  the 
point at which the flammable and inflammable branches of the alnha, 
percent composition curves intersectcd as indicated by the smooth 
extrapolation of these curves. It should be noted that it was still 
possible to observe an "apparent flame sheet" in our burner even 
though the suppressant stream composition was well outside the flamma- 
bility limit. This can be attributed to reactions occurring as the 
fuel in the suppressant stream encounters hot combustion gases from 
the ignition stream due to diffusional processes. Thus, some observ- 
able reactions were occurring although under these conditions they 
were not of sufficient magnitude to support a propagating flame in the 
suppressant stream. 

ACCURACY AND REPRODUCIBILITY OF THE TECHNIQUE 

.In order to check on accuracy and reproducibility, a few titration 
runs were repeated at different suppressant flow velocities and on 
different days. A comparison of the OL versus CH4 percent for thcsc 
cases is shown in Figure 4 .  

i 

\ 
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Both of these c u r v e s  i l l u s t r a t e  t h a t  t h e  r e p r o d u c i h l l i t y  of t h e  
d a t a  is + 1/2 p e r c e n t  CH4 and  t h a t  t h e  l o c a t i o n  of t h o  jnflc.c:ion 
p o i n t  i s - r e l a t i v e l y  i n s e n s i t i v e  to t h e  f l o w  v e l o c i t y .  mwcvar, s e n s i -  
t i v i t y  of t h e  t e c h n i q u e  is  de te rmined  b y  t h e  flow veloc:it:{ t o  some 
e x t e n t  because  a t  high f l o w  v e l o c i t y  and  a t  h i g h  s u p p r c s s a n t  concen- 
t ra t ions ,  the maximum v a l u e  o f  d becomes v e r y  s m a l l ,  a!; i s  chown i n  
F i g u r e  3. T h e r e f o r e ,  the expe r imen t s  were a lways  perfo;::ed ::it-h t h e  
lowes t  p o s s i b l e  s u p p r e s s a n t  flow v e l o c i t y  for t h e  pnr1:ic:::lar C;7;ire9 
t i t r a t  i o n .  

W e  f e e l  t h a t  t h e  e q u i v a l e n c e  r a t i o  o f  t h e  extcrn:. l  i g n i t i o n  
stream may possibly h a v e  a n  e f f e c t  on the end po i i i t ,  I.c., c!:: the 
measured f l a m m a b i l i t y  l i m i t .  However to d a t e  a l l  the  d a t a  lis- been 
t aken  w i t h  a l e a n  s u r r o u n d i n g  i g n i t i o n  s t r eam.  T h i s  is t h e  r c a s 6 n  why 
the r i c h  end of t h e  d c u r v e s  i n  F i g u r e  4 a l l  havr. ;.nZ 
whose v a l u e  of d is grea te r  t h a n  zero degrees .  Ciider 
t h e  r i c h  b ranch  of the f l a m m a b i l i t y  c u r v e  i s  a lways  mci;.:u:ail Ci‘ron an 
a t t a c h e d  flame and  flow d i v e r g e n c e  does  n o t  o c c u r  ca~d.?.;~. E?c l ean  
b r a n c h ,  o n  the o t h e r  hand ,  is a lways  o r i e n t e d  as cliowr, 1.11 F i i j ~ i r ~  223 
and u n d e r  t h e s e  c o n d i t i o n s  central  stream d i v e r g e n c e  occu.rs r i i l a t i v e l y  
e a s i l y .  Thus, some of t h e  l e a n  end points  o c c u r  for r::ktiv.::!.y large 
n e g a t i v e  v a l u e s  o f  e. 

RESULTS 

The c f f e c t s  of f o u r  s u p p r e s s a n t s  ( A r ,  N 2 ,  C02, and IIaLc!i 1331) on 
t h e  f l a m m a b i l i t y  l i m i t s  o f  a methane-air  f l a m e  a r e  s h u m  i n  F f q u r e  5 .  
The f l a m m a b i l i t y  l i m i t s  de t e rmined  b y  t h i s  technj.que were g e r i ~ r a l l y  
found t o  be w i d e r  t h a n  those de te rmined  b y  s t a n d n r d  v e s s e l  p~G:Xi.gatiari 
t e c h n i q u e s .  The l e a n  l i m i t s  o b t a i n e d  t ended  t o  bo abou t  1 p e r c e n t  C;i.; 
l e a n e r  than vessel  p r o p a g a t i o n  l i m i t s  and  c o n v e r s e l y ,  the  r i c h  limits 
were a b o u t  1 p e r c e n t  CH4 r i c h e r  t h a n  vessel  p r o p a g a t i o n  lir.tits for a 
g i v e n  p e r c e n t a g e  of s u p p r e s s a n t .  The o n l y  e x c e p t i o n  noted  v a s  t h e  case  
of Halon 1 3 0 1  i n  which the r i c h  f l a m m a b i l i t y  l i m i t s  wcrc agpixxzina te ly  
2 p e r c e n t  M4 richer than those f r o m  vessel  p ropaga t i c i :  liialit.s ( 2 ) .  

I t  was o b s e r v e d  t h a t  the  r i ch  l i m i t s  for N2 and AI? were j . n d i s -  
t i n g u i s h a b l e  and t h a t  t h e  l e a n  l i m i t s  were very cl.ose, a7. thmch t h e  x2 
l e a n  l i m i t s  were 10 p e r c e n t  h i g h e r  t h a n  t h e  va luca  o f  P a r  lotin 1in:its. 
The r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s  (1) show a s u h s t a n t i . a l  di?fe;once 
between Nz and A r  l i m i t s .  The r e a s o n  f o r  t h e  d i f i ’ e rcwc  5 i n  the 
- - - _ _ _ _  ? - e c r r l t =  j.$ c l e a r  this rim,?. Q-.e nf ?-->e feT:t*...?.f-c. nf the !!C!”J 

t e c h n i q u e  which may have  a b e a r i n g  on t h e  comparison with o t h e r  toch-  
n i q u e s  is t h e  l a c k  of  a h e a t  s i n k  f o r  t h e  s u p p r e s s e d  gases.  Ynus, t h e  
the rma l  c o n d u c t i v i t y  of t h e  g a s c s  may havc  a s t r o r ~ q c i :  inf1uc:;c:e i n  onr? 
sys t em than  i n  t h e  o t h e r .  I n  a d d i t i o n ,  s i n c e  t h e  new t e c h n i q u e  i .nvolves 
the u s e  of a f o r c e d - f l o w  sys t em,  the p h y s i c a l  p r o p e r t i e s  o f  t h o  gascs 
cou ld  a l s o  h a v e  v a r y i n g  d e g r e e s  o f  i n f l u e n c e  i n  t h e  d i f f e r e n t  tech-  
n i q u e s .  

CONCLUSIONS 

A t e c h n i q u e  h a s  been deve loped  f o r  t h e  measurement of t h e  
e x t i n c t i o n  l i m i t s  of w e l l - e s t a b l i s h e d  f l a m e s  by gaseous  Suppres san t s .  
The r e s u l t s  of t h i s  t e c h n i q u e  a r e  similar t o  t h e  r e s u l t s  o f  conven- 
t i o n a l  t e c h n i q u e s ,  a l t h o u g h  t h e  f l a m m a b i l i t y  l i m i t s  a re  wide r  f o r  t h i s  
t e c h n i q u e  t h a n  those o b t a i n e d  fo r  c o n v e n t i o n a l  t echn iques .  
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THE USE OF GEOLOGICAL INFORMATION TO DESCRIBE COAL MINE ROOF CONDITIONS. 
L. G. Benedict and R. R. Thompson, Homer Research Laboratories,  Bethlehem Stee l  

Corporation, Bethlehem, PA 18016 

Since bad mine-roof conditions d i r e c t l y  a f f e c t  mine production and s a f e t y ,  i t  is 
important to  be  ab le  t o  d e t e c t  or i den t i fy  the  loca t ion  of a reas  where such conditions 
a r e  l i k e l y  t o  be encountered i n  undeveloped por t ions  of coa l  reserves.  
of the  geology assoc ia te5  with the  coa l  seams i n  our Cambria Division mines i n  central 
Pennsylvania as w e l l  a s  from discussions with our coa l  mine opera tors ,  w e  worked out  a 
model based on geological va r i ab le s  t h a t  w i l l  make it poss ib le  t o  i d e n t i f y  a reas  of po- 
t e n t i a l l y  bad mine-roof conditions pr ior  t o  mining. The geologica l  f a c t o r s  i n  t h i s  model 
a re :  the in t ens i ty ,  d i r ec t ion  and ex ten t  of sur face  f r a c t u r e s  as determined from a e r i a l  
photographs; the nature and thickness of the  s t r a t a  immediately above t h e  coa l  seam; t h e  
thickness of the overburden; and the  presence and ex ten t  of anc ien t  stream-channel 
depos i t s .  Taken toge ther ,  these  geologica l  f a c t o r s  i n  a conventional mine-development 
plan should make i t  poss ib le  t o  ass ign  a r e l a t i v e  ranking of the  roof condi t ions  tha t  a r e  
l i k e l y  t o  be found as mining progresses over the  ex ten t  of the  coa l  r e se rve .  Of course,  
quan t i f i ca t ion  of t h i s  ranking w i l l  r equi re  a thorough knowledge of t h e  independent r o l e  
of each of t h e  geological va r i ab le s  i n  mine-roof condi t ions ,  and t h i s  w i l l  be  accom- 
p l i shed  a s  mining advances over a l a rge r  por t ion  of t he  a rea  under study. Once the  
required information is obtained, the model w i l l  no t  only enable us t o  pinpoint the  loca- 
t i o n  of bad mine roof i n  coa l  reserves  but  should u l t imate ly  provide t h e  guide l ines  f o r  
working out mine-development plans t h a t  w i l l  r e s u l t  i n  opthum produc t iv i ty  and maximum 
s a f e t y  throughout t he  l i f e  of t he  coal reserve. 

From our s tud ie s  
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ENGINEERING ASPECTS OF COAL MINE VENTILATION SYSTEMS 

R .  V. Ramani and A .  Owili-Eger 

Department  of M i n e r a l  E n g i n e e r i n g ,  The P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  

INTRODUCTION 

The s ingle  most c r i t i c a l  f a c t o r  a f f e c t i n g  t h e  h e a l t h  and s a f e t y  
o f  workers  engaged i n  t h e  coa l -winning  p r o c e s s  i s  the mine envi ronment ;  
which i s  b r o a d l y  d e f i n e d  as t h e  space  i n  which man works when under-  
ground and  i n c l u d e s  t h e  p h y s i c a l  and c h e m i c a l  c o n d i t i o n s  of t h e  s u r -  
r o u n d i n g  e n c l o s u r e  a n d  t h e  nearby  mining  equipment .  A fundamenta l  
o b J e c t i v e  of a mine v e n t i l a t i o n  system is t o  supply  t h i s  environment  
w i t h  a n  a d e q u a t e  and s u f f i c i e n t  q u a n t i t y  of uncontaminated  f r e s h  a i r .  
It is t h e  l a r g e s t  s i n g l e  l o g i s t i c s  a p p l i c a t i o n  i n  h e a l t h  and s a f e t y  
f o r  underground c o a l  m i n i n g  o p e r a t i o n s .  It is sometimes n e c e s s a r y  t o  
c o u r s e  i n t a k e  a i r  t h r o u g h  s e v e r a l  m i l e s  of  underground airways i n  o r d e r  
t o  a c h i e v e  t h i s  p u r p o s e .  Leakages w i l l  be  s e v e r e  and y e t  a n  adequate  
s u p p l y  of fresh a i r  must be d e l i v e r e d  t o  t h e  las t  open c r o s s - c u t  o u t b y  
of  t h e  a c t i v e  f a c e .  This p r o c e s s  i s  i d e n t i f i e d  as q u a n t i t y  c o n t r o l .  
Equal ly  i m p o r t a n t ,  i f  n o t  more c r u c i a l ,  i s  t h e  q u a l i t y  c o n t r o l  p r o c e s s  
d e a l i n g  w i t h  the  c o n t r o l  o f  r e s p i r a b l e  c o n t a m i n a n t s  l i b e r a t e d  d u r i n g  
mining  o p e r a t i o n s .  

The F e d e r a l  C o a l  Mine Health and S a f e t y  Act of 1969,  Sec .  3 0 3 ( b ) ,  
s t i p u l a t e s  t h a t  the  p r i m a r y  v e n t i l a t i o n  sys tem must d e l i v e r  a t  l e a s t  
9,000 cfm of u n c o n t a m i n a t e d  f r e s h  a i r  t o  t h e  l a s t  open c r o s s - c u t .  
A u x i l i a r y  v e n t i l a t i o n  s y s t e m s  a r e  r e q u i r e d  t o  s u p p l y  3 ,000  cfm t o  t h e  
c o a l  f a c e .  S e c .  202(b), ( 2 ) ,  o f  t h e  1969 Act s t a t e s  t h a t  each mine 
o p e r a t o r  s h a l l  c o n t i n u o u s l y  m a i n t a i n  a n  a v e r a g e  c o n c e n t r a t i o n  of  res- 
p i r a b l e  d u s t  i n  t h e  mine environment  d u r i n g  e a c h  s h i f t  a t  o r  below 
2 . 0  mg/m3. R e s p i r a b l e  d u s t  c a n  be  d e f i n e d  as s o l i d  c o a l  p a r t i c l e s  i n  
t h e  minus 1 0  micron  r a n g e  which become a i r b o r n e  and d o  n o t  s e t t l e  e a s i l y .  

With r e s p e c t  t o  g a s e o u s  c o n c e n t r a t i o n ,  t h e  1969 Act s t a t e s  t ha t  no  
working s e c t i o n  o f  t h e  mine s h a l l  c o n t a i n  more t h a n  0.5 p e r c e n t  c a r b o n  
d i o x i d e  and no h a r m f u l  q u a n t i t i e s  o f  o t h e r  n o x i o u s  o r  poisonous  g a s e s  
s u c h  as t h e  o x i d e s  of n i t r o g e n .  The c o n c e n t r a t i o n  o f  methane s h o u l d  a t  
a l l  times be m a i n t a i n e d  below one p e r c e n t .  A s p l i t  of a i r  r e t u r n i n g  
from any working s e c t i o n  s h a l l  c o n t a i n  no more t h a n  1 . 5  p e r c e n t  of 
methane and a i r  t h a t  has p a s s e d  by a n  o p e n i n g  of any abandoned area 
sha l l  n o t  be used  t o  v e n t i l a t e  any working p l a c e  i n  t h e  c o a l  mine if 
s u c h  a i r  c o n t a i n s  more than 0.25 p e r c e n t  methane.  Methane concen- 
t r a t i o n  i n  t h e  r e t u r n s  f rom t h e  bleeder  e n t r i e s  s h o u l d  n o t  exceed 2 . 0  
p e r c e n t ,  and no a i r  t ha t  has p a s s e d  t h r o u g h  a n  opening  which is  i n a c c e s -  
s i b l e  f o r  e x a m i n a t i o n  s h a l l  b e  used t o  v e n t i l a t e  any a c t i v e  a r e a s .  While 
t h e  a i r  q u a n t i t y  r e q u i r e m e n t s  a l o n e  can  e a s i l y  be met, t h e  g o v e r n i n g  con- 
d i t i o n  i n  m o s t  mines i s  t h e  d i l u t i o n  r e q u i r e m e n t s  f o r  q u a l i t y  c o n t r o l .  A 
s u f f i c i e n t  q u a n t i t y  o f  a i r  is r e q u i r e d  t o  r e n d e r  harmless and c a r r y  away 
noxious  and  r e s p i r a b l e  p o l l u t a n t s .  

Good v e n t i l a t i o n  i s  e s s e n t i a l  f o r  e f f i c i e n t  mine o p e r a t i o n .  On one 
hand,  a v a i l a b l e  v e n t i l a t i o n  f a c i l i t i e s  p l a c e  c e r t a i n  l i m i t a t i o n s  on pro-  
d u c t i o n  l e v e l .  On t h e  o t h e r  hand,  v e n t i l a t i o n  p o s s i b i l i t i e s  and r e q u i r e -  
ments cannot  b e  d e f i n e d  o t h e r  t h a n  i n  r e l a t i o n  t o  a p r o d u c t i o n  p l a n .  
Thus, v e n t i l a t i o n  and  p r o d u c t i o n  p l a n n i n g  are  i n t e r d e p e n d e n t .  Exper ience  
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i n  t h e  l a s t  decade  h a s  shown t h a t  t h e  development  of l a r g e r  and more 
powerfu l  machines  for h i g h e r  p r o d u c t i o n  r a t e s  c a l l s  f o r  i n c r e a s e d  
s o p h i s t i c a t i o n  i n  v e n t i l a t i o n  p l a n n i n g .  Over t h e  l a s t  t w e n t y  y e a r s ,  
v e n t i l a t i o n  s t a n d a r d s  have r i s e n  s t e a d i l y  and s t r i n g e n t  r e g u l a t i o n s  
have been e n a c t e d .  It i s  a l s o  e v i d e n t  t h a t  i n  t h e  n e a r  f u t u r e ,  ven- 
t i l a t i o n  r e q u i r e m e n t s  w i l l  become i n c r e a s i n g l y  more demanding. The 
t r e n d  i s  a consequence of change i n  b o t h  mining  c o n d i t i o n s  and e q u i p -  
ment. These changing  c o n d i t i o n s ,  such  as h i g h e r  p r o d u c t i o n  from fewer 
mines ,  e x t r a c t i o n  of t h i n n e r  seams, i n c r e a s i n g  d e p t h  o f  workings  and 
a d d i t i o n a l  i n s t a l l e d  horsepower ,  i n f l u e n c e  t h e  p l a n n i n g  and d e s i g n  of  
v e n t i l a t i o n  s y s t e m s .  It i s  , t h e r e f o r e ,  becoming i n c r e a s i n g l y  i m p o r t a n t  
t h a t  v e n t i l a t i o n  r e q u i r e m e n t s  s h o u l d  be  a d e q u a t e l y  a s s e s s e d  a t  t h e  p l a n -  
n i n g  s t a g e .  

COMPUTERS I N  MINE VENTILATION STUDIES 

The r o l e  which computers  c a n  p l a y  i n  e v a l u a t i n g  v e n t i l a t i o n  para-  
m e t e r s  and p r o c e s s e s  i s  t remendous .  During t h e  p a s t  d e c a d e ,  t h e  r o l e  
of  t h e  d i g i t a l  computer  h a s  expanded i n  a n  u n p r e c e d e n t e d  manner f rom 
p u r e l y  commercial  a p p l i c a t i o n s  t o  problems i n v o l v i n g  t h e  d e s i g n ,  main- 
t e n a n c e ,  and c o n t r o l  o f  t e c h n i c a l  s y s t e m s .  Major development  o f  com- 
p u t e r  a p p l i c a t i o n s  for mine v e n t i l a t i o n  h a s  been i n  t h e  f i e l d  of  ven- 
t i l a t i o n  p l a n n i n g .  When a n  enormous amount of d a t a  h a s  been  c o l l e c t e d ,  
a computer can  be  used  a d v a n t a g e o u s l y  t o  r e l i e v e  t h e  v e n t i l a t i o n  e n g i n e e r  
from t h e  ted ium o f  r o u t i n e  r e p e t i t i v e  c a l c u l a t i o n s .  I n  a d d i t i o n ,  d i g i t a l  
d a t a  p r o c e s s i n g  h a s  b o t h  s h o r t  and l o n g  t e r m  s i g n i f i c a n c e .  Long range  
d a t a  p r o c e s s i n g  i n v o l v e s  such  o b s e r v a t i o n s  which a re  r o u t i n e  and are 
b e i n g  c o n t i n u a l l y  r e c o r d e d .  An accumula t ion  of  such  d a t a  c o u l d  b e  t e s t e d  
for s t a t i s t i c a l l y  s i g n i f i c a n t  t r e n d s  ( 6 ) .  T h i s  i n f o r m a t i o n  c o u l d  t h e n  
b e  used i n  p l a n n i n g  t h e  v e n t i l a t i o n  of new s e c t i o n s  or a d j a c e n t  mining  
o p e r a t i o n s .  S h o r t  t e r m  d a t a  p r o c e s s i n g  i n v o l v e s  s p o t  t e s t i n g  and check-  
i n g  o f  such  p a r a m e t e r s  as f a n  per formance ,  optimum roadway s i z e s ,  a i r  
horsepower l o s s e s ,  and s t a t i s t i c a l  e x a m i n a t i o n  of  i n f o r m a t i o n  s u r v e y s .  

Development o f  computer ized  methods of  c a l c u l a t i o n s  i s  o n l y  one 
a s p e c t  of t h e  use  o f  d i g i t a l  machines  by r e s e a r c h  p e r s o n n e l .  An example 
o f  v e n t i l a t i o n  r e s e a r c h  which i s  comple te ly  computer  dependent  i s  t h e  
t h e o r e t i c a l  i n v e s t i g a t i o n s  t o  s t u d y  t h e  p a t t e r n s  of methane f l o w s  and 
r a t e s  i n t o  t h e  mine o p e n i n g s  from t h e  roof, s i d e s ,  and f l o o r .  Mathemat ica l  
models have been developed  which e n a b l e  t h e  computer  t o  s i m u l a t e  g a s  f low 
r a t e s  w h i l e  v a r y i n g  such  p a r a m e t e r s  as t h e  p o s i t i o n  and e m i s s i v i t y  of  t h e  
g a s  s o u r c e s ,  boundary p r e s s u r e s ,  and t h e  p e r m e a b i l i t i e s  of  t h e  i n t e r v e n -  
i n g  s t r a t a .  

The a p p l i c a t i o n  of energy  and mass t r a n s p o r t  phenomena, or more 
a p p r o p r i a t e l y ,  phys ico-chemica l  p r i n c i p l e s ,  t o  q u a n t i f y  mining  e n g i n -  
e e r i n g  p a r a m e t e r s  f o r  q u a l i t y  and  q u a n t i t y  c o n t r o l  o f  t h e  mine e n v i r o n -  
ment h a s  t a k e n  an u n p r e c e d e n t e d  o u t l o o k  s i n c e  t h e  a d v e n t  o f  d i g i t a l  com- 
p u t e r s .  These machines  e n a b l e  complex problems i n  v e n t l l a t i o n  t o  be  
modeled and s o l v e d  n u m e r i c a l l y .  It i s ,  t h e r e f o r e ,  n o t  s u r p r i s i n g  t h a t  
s o l u t i o n  of  problems of  t e m p e r a t u r e  and h u m i d i t y ,  f l u i d  f l o w  dynamics,  
and t o x i c  e m i s s i o n  d i l u t i o n  i n  t h e  mine envi ronment  a r e  b e i n g  a t t e m p t e d  
t h r o u g h  m a t h e m a t i c a l  models and computers .  The p a r a m e t e r s  o b t a i n e d  from 
such  n u m e r i c a l  e s t i m a t i o n  can  t h e n  b e  u t i l i z e d  i n  e n g i n e e r i n g  and p r o -  
c e s s  c o n t r o l .  

Today, more t h a n  e v e r ,  much a t t e n t i o n  i s  b e i n g  f o c u s e d  on t h e  de- 
velopment of  a s y s t e m  of  remote m o n i t o r i n g  and c o n t r o l  of e n v i r o n m e n t a l  
p a r a m e t e r s .  S i g n i f i c a n t  p r o g r e s s  i s  b e i n g  r e p o r t e d  i n  remote  s e n s i n g  
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and m o n i t o r i n g  of e n v i r o n m e n t .  Some work h a s  a l r e a d y  been  done i n  t h e  
Uni ted  Kingdom on a u t o m a t i c  m o n i t o r i n g  of  a methane d r a i n a g e  sys tem.  
Such a u t o m a t i c  c o n t r o l s  can  be ex tended  t o  o t h e r  e n v i r o n m e n t a l  p a r a -  
meters such  a s  heat  and  h u m i d i t y ,  t e m p e r a t u r e  and  d u s t  l eve ls .  A s  
s t u d i e s  are  p e r f e c t e d  i n  t h e  d e t e r m i n a t i o n  of  s u i t a b l e  p a r a m e t e r s  f o r  
c o n t r o l ,  t h e i r  r a n g e  o f  o p e r a t i o n  and c h o i c e  of  m o n i t o r i n g  s i t e s ,  these 
advances  c a n  e v e n t u a l l y  be u s e d  t o  d e v e l o p  o n - l i n e  computer  c o n t r o l  
sys tems o f  t h e  c o m p l e t e  mine envi ronment .  

VENTILATION NETWORK ANALYSIS 

The t h e o r y  o f  ne twork  a n a l y s i s  has l o n g  p l a y e d  a n  i m p o r t a n t  ro le  
i n  many b r a n c h e s  o f  e n g i n e e r i n g  s c i e n c e s .  T r a n s p o r t a t i o n  and o t h e r  
d i s t r i b u t i o n  problems h a v e  been  s o l v e d  by  a p p l y i n g  t o o l s  o f  network 
a n a l y s i s .  L i t e r a t u r e  r e v i e w  r e v e a l s  t h a t  t h e  a p p l i c a t i o n  o f  t h i s  t h e o r y  
t o  mine v e n t i l a t i o n  p l a n n i n g  and network a n a l y s i s  i s  a r e c e n t  develop-  
ment .  There  h a s ,  however ,  been  a growing awareness  i n  r e c e n t  y e a r s  t h a t  
c e r t a i n  c o n c e p t s  of ne twork  t h e o r y  c a n  be s u c c e s s f u l l y  a p p l i e d  i n  many 
o t h e r  f i e l d s  as w e l l .  It i s ,  t h e r e f o r e ,  n o t  s u r p r i s i n g  t h a t  i n  t h e  las t  
t e n  y e a r s ,  t h e s e  t o o l s  have  found i n c r e a s i n g  a p p l i c a t i o n  i n  mine ven- 
t i l a t i o n  network a n a l y s i s .  

The m a j o r  advance  i n  v e n t i l a t i o n  network a n a l y s i s  i n  t h e  l a s t  decade 
has been ,  t h e r e f o r e ,  t he  development  o f  computer  programs c a p a b l e  o f  de- 
v e l o p i n g  a n d  s o l v i n g  t h e  s y s t e m s  of e q u a t i o n s  d e f i n e d  by t h e  j u n c t i o n  
and p r e s s u r e  l a w s .  E v e r  s i n c e  Hardy-Cross i t e r a t i v e  t e c h n i q u e  (4) was 
a d a p t e d  and m o d i f i e d  by S c o t t  and H i n s l e y  (13) f o r  t h e  s o l u t i o n  o f  
v e n t i l a t i o n  network p r o b l e m s ,  s e v e r a l  programs have  been  developed  t o  
s o l v e  f o r  m i n e  v e n t i l a t i o n  parameters. A b r i e f  d e s c r i p t i o n  o f  most o f  
t h e  q u a n t i t y  f l o w  mine v e n t i l a t i o n  programs i s  p r e s e n t e d  by  Geiger  ( 5 ) .  

METHANE GENERATOR MODELS 

The q u a n t i t y  of  methane emit ted i n t o  t h e  mine atmosphere and t h e  
movement of gas t h r o u g h  s o l i d  c o a l  and t h e  a d j o i n i n g  c o u n t r y  rock  are 
dependent on g a s  e m i s s i v i t y ,  boundary c o n d i t i o n s ,  and t h e  i n i t i a l  gas 
d i s t r i b u t i o n  p r e s s u r e s  and  t h e  combina t ion  o f  n a t u r a l  and mining f a c -  
t o r s .  F u n c t i o n a l  r e l a t i o n s h i p s  between t h e s e  f a c t o r s  are n o t  y e t  
known. Consequent ly ,  t h e  development  o f  r i g o r o u s  m a t h e m a t i c a l  equa- 
t i o n s  t o  s imula t e  methane f l o w  i n t o  t h e  mine a i r  i s  d i f f i c u l t ,  and 

t i o n .  S e v e r a l  r e s e a r c h e r s  i n  many p a r t s  o f  t h e  world have a t t e m p t e d  
t o  q u a n t i t a t i v e l y  d e s c r i b e  t h e  p a t t e r n  o f  g a s  e m i s s i o n  i n  mines a s  
f u n c t i o n s  o f  seam charac te r i s t ics  and t h e  c o n f i n i n g  g a s  p r e s s u r e  (1,2,9), 
none w i t h  comple te  s u c c e s s .  

tc flSt.3, 2" mnlnl hzs h_ccr, r c p o i - t o <  ;;hick* 5 s  o;pa"u;i. of S U C i i  & fuy ,c -  

Thus far ,  e m p i r i c a l  f o r m u l a s  a v a i l a b l e  for t h e  c a l c u l a t i o n  of  gas  
released from underground s o u r c e s  a p p e a r  amenable  t o  a n a l y t i c a l  compu- 
t a t i o n .  These e s t i m a t i o n s  are  a t  b e s t  o n l y  c r u d e l y  approximate .  The 
n u m e r i c a l  methods a v a i l a b l e  have  not  been made p r a c t i c a l  enough f o r  u s e  
i n  t h e  i n d u s t r y .  T h e r e f o r e ,  a r e l a t i o n s h i p  amenable t o  n u m e r i c a l  a n a l y -  
s i s  and p r a c t i c a l  enough f o r  a p p l i c a t i o n  i n  t h e  . i n d u s t r y  would p r o v i d e  
t h e  f l e x i b i l i t y  l a c k i n g  i n  a n a l y t i c a l  a p p r o a c h e s .  The m a t h e m a t i c a l  model 
deve loped  and p r e s e n t e d  by Owil i -Eger  ( 1 0 )  i s  y e t  a n o t h e r  a t t e m p t  t o  
c o r r e l a t e  as many f low g o v e r n i n g  p a r a m e t e r s  i n  a s i n g l e  e q u a t i o n .  T h i s  
mode l  s o l v e s  gas f l o w - r a t e s  i n t o  mine workings  from c o a l  seams and i n -  
t e r v e n i n g  layers of r o c k s  and i s  d e s i g n e d  t o  h a n d l e  o n l y  two d i m e n s i o n a l  
s t e a d y  s ta te  f low s y s t e m s .  It r e p r e s e n t s  a modifaed gas d i f f u s i o n  sys tem 
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fo r  f low t h r o u g h  porous  media.  Mathemat ica l  c o n s i d e r a t i o n s  and d e r i v a -  
t i o n  O f  t h e  f low e q u a t i o n  are  p r e s e n t e d  i n  t h e  r e f e r e n c e .  

I 

V a r i o u s  i n v e s t i g a t o r s  have  shown t h a t  t e m p e r a t u r e  a l s o  a f f e c t s  t h e  
ra te  of g a s  f l o w .  However, a t  t e m p e r a t u r e s  u s u a l l y  e n c o u n t e r e d  i n  mines,  
methane h a s  a v e r y  low r a t e  of d i f f u s i o n .  A s  l o n g  as s h a l l o w  d e p o s i t s  
a r e  b e i n g  e x t r a c t e d ,  t h e  e f f e c t  of t e m p e r a t u r e  on t h e  r a t e  of g a s  flow 
w i l l  r emain  i n s i g n i f i c a n t .  A t  g r e a t  d e p t h  where r o c k  t e m p e r a t u r e  w i l l  
be  h i g h ,  t e m p e r a t u r e  w i l l  a f f e c t  f l o w r a t e  o f  g a s  and has t o  be  c o n s i d e r e d .  
The c h e m i s t r y  of multi-component mul t i -phase  systems h a s  a l s o  been  con- 
s i d e r e d  i n  a r e c e n t  r e p o r t  on methane f low m o d e l l i n g  ( 1 2 ) .  It h a s  been 
p o i n t e d  o u t  t h a t  t h e  p r e s e n c e  o f  water a f f e c t s  t h e  m i g r a t i o n  c h a r a c t e r -  
i s t i c s  of methane i n  c o a l  seams even  though t h e  two f l u i d s  a r e  s a i d  t o  
be  c h e m i c a l l y  u n r e a c t i v e .  

HEAT A N D  H U M I D I T Y  CONTROL 

Temperature  and humidi ty  c o n t r o l  i s  i m p o r t a n t  i n  t h e  f a c e  a r e a ,  o r  
more g e n e r a l l y ,  any a c t i v e  s e c t i o n  of t h e  mine where men a r e  exposed  t o  
t h e  environment  f o r  as l o n g  as  a s h i f t .  F a c t o r s  t h a t  a f f e c t  t h e  tempera-  
t u r e  of t h e  v e n t i l a t i n g  a i r  i n  s u c h  areas are t h e  p r e s e n c e  of men and 
machines ,  t h e  t e m p e r a t u r e  o f  t h e  incoming a i r ,  c h e m i c a l  o x i d a t i o n  of 
c o a l ,  e v a p o r a t i o n  of water which may e x t r a c t  p a r t  of t h e  l a t e n t  h e a t  
from the  a i r  and t h e  h e a t  t r a n s f e r  from t h e  s u r r o u n d i n g  s t r a t a .  T h i s  
las t  f a c t o r  i s  v e r y  s i g n i f i c a n t  e s p e c i a l l y  i n  deep  mines where wa l l  
r o c k  t e m p e r a t u r e  i s  much h i g h e r  t h a n  t h a t  o f  t h e  incoming v e n t i l a t i o n  
s t r e a m .  I n  t h e  U . S .  c o a l  mines t o d a y ,  r i s e  i n  t e m p e r a t u r e  and humidi ty  
as a r e s u l t  of  heat t r a n s f e r  from t h e  wall r o c k  i s  n o t  s i g n i f i c a n t  be- 
c a u s e  c o a l  seams b e i n g  mined p r e s e n t l y  are v e r y  s h a l l o w  - l e s s  t h a n  
1500  f e e t .  However, t h e s e  c o a l  r e s e r v e s  a r e  b e i n g  d e p l e t e d  at  a v e r y  
f a s t  r a t e .  It i s  o n l y  l o g i c a l  t o  s a y  t h a t  o p e r a t i o n  a t  g r e a t  d e p t h  i n  
t h e  n e a r  f u t u r e  i s  i n e v i t a b l e .  I n  deep  m e t a l  mines ,  h e a t  t r a n s f e r  from 
t h e  e n c l o s i n g  s t r a t a  can  be s i g n i f i c a n t  and ,  c o n s e q u e n t l y ,  t e c h n i q u e s  
f o r  p r e d i c t i n g  a i r  t e m p e r a t u r e s  have been d e v e l o p e d .  The f i r s t  r e -  
qu i rement  i n  m a t h e m a t i c a l l y  f o r m u l a t i n g  h e a t  t r a n s f e r  problems i s  know- 
l e d g e  o f . t h e  t h e r m a l  p r o p e r t i e s  o f  t h e  s t ra ta  s u r r o u n d i n g  t h e  roadway 
o r  model area.  J o n e s  ( 7 1 ,  J o r d a n  ( 8 1 ,  and P a u l i n  (11) have p r e s e n t e d  
d e t a i l s  of m a t h e m a t i c a l  c o n s i d e r a t i o n s  which can  b e  t a k e n  t o  e s t i m a t e  
such  p a r a m e t e r s  i f  t h e  thermal  h i s t o r y  of  t h e  r e g i o n  i s  unknown. Ex- 
t e n s i v e  work i n  t h i s  a r e a  i s  r e p o r t e d  i n  S o u t h  A f r i c a  and i n  J a p a n ,  
Amano and Shigeno ( 3 )  and Vance and Kathage ( 1 5 ) .  

DUST I N  COAL MINES 

microns  (1 micron = 10-$cm) which become a i r b o r n e  when d i s s e m i n a t e d .  
During t h e  c o a l  winning  p r o c e s s ,  d u s t  i s  i n e v i t a b l y  g e n e r a t e d  by t h e  
mining  machines .  T r a n s f e r  p o i n t s  and t r a n s p o r t  s y s t e m s ,  and h i g h  a i r  
v e l o c i t i e s ,  c o n t r i b u t e  t o  t h e  d u s t  problem i n  t h e  mine roadways.  I n -  
a d e q u a t e  s u p p r e s s i o n  of c o a l  d u s t  can l e a d  t o  e x p l o s i o n  h a z a r d s  and 
t h e  c o a l  w o r k e r s '  pneumoconiosis .  Pneumoconiosis  i s  supposed  t o  b e  
caused  by t h e  i n h a l a t i o n  of r e s p i r a b l e  c o a l  d u s t  ( -10 m i c r o n )  f o r  ex-  
t e n d e d  p e r i o d s  o f  t i m e .  

I n  a d d i t i o n  t o  t h e  human s u f f e r i n g ,  c o s t  of compensa t ing  pneumo- 
c o n i o s i s  v i c t i m s  i s  h i g h .  For example,  i n  t h e  f i s c a l  y e a r  1972, t h e  
Department of HEW p r o v i d e d  $384 m i l l i o n  for  t h i s  c a u s e  which marked an 
i n c r e a s e  o f  $142 m i l l i o n  o v e r  t h e  1971 budget  ( 1 4 ) .  T h i s  c o s t  i s  e x p e c t e d  

Coal  d u s t  i s  d e f i n  d as any s o l i d  c o a l  p a r t i c l e s  s m a l l e r  t h a n  1 0 0  

'\ 
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t o  r i s e  even more s t e e p l y  i n  t h e  n e x t  few y e a r s  as more and more c o a l  
workers  become e l i g i b l e  f o r  compensa t ion  b e n e f i t s .  

I n  t h e  l i g h t  of  economics o f  r e m e d i a l  a c t i o n s  due t o  d u s t  h a z a r d s ,  
t h e  p r e d i c t i o n  o f  d u s t  c o n t e n t  i n  a i r  i s  v e r y  n e c e s s a r y  from h e a l t h  a n d  
s a f e t y  p o i n t s  of  v i e w .  The amount o f  c o a l  d u s t  d e p o s i t e d  a l o n g  t h e  mine 
roadways i s  of  paramount  i m p o r t a n c e  b e c a u s e  i t  s e r v e s  as t h e  a s s e s s m e n t  
o f  t h e  d u s t  e x p l o s i o n  h a z a r d ,  and it c a n  be used  t o  c a l c u l a t e  t h e  amount 
o f  i n c o m b u s t i b l e  d u s t  r e q u i r e d  f o r  r o c k - d u s t i n g .  Mechanisms of  d u s t  
d e p o s i t i o n  and q u a n t i t y  e s t i m a t i o n s  have been  d i s c u s s e d  a t  l e n g t h  ( 5 ) .  
Two p r o c e s s e s  have  been employed t o  c o n t r o l  d u s t  l e v e l s  a t  t h e  working 
f a c e .  These a r e  1) water s p r a y s ,  and 2 )  f a c e  v e n t i l a t i o n  t o  r e d u c e  t h e  
c o n c e n t r a t i o n  o f  r e s p i r a b l e  c o a l  d u s t .  Although water s p r a y s  r e d u c e  
d u s t  l o a d  handled  b y  v e n t i l a t i o n  s y s t e m s ,  t h e  c u r r e n t  s p r a y  t e c h n i q u e s  
are n o t  e f f e c t i v e  i n  t h e  c o n t r o l  of r e s p i r a b l e  d u s t  ( 5 ) .  C u r r e n t l y ,  
f a c e  v e n t i l a t i o n  i s  t h e  most commonly used p r o c e d u r e .  

A d u s t  c o n t r o l  program s h o u l d ,  t h e r e f o r e ,  be a b l e  t o  d e a l  e f f e c t i v e l y  
w i t h  b o t h  t h e  f i n e  and u l t r a - f i n e  d u s t  s i z e s .  Work i n  t h e  a r e a  o f  d u s t  
c h a r a c t e r i z a t i o n ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t h e  s i z e - c o n s i s t ,  chemi- 
c a l  p r o p e r t i e s  i s  r e p o r t e d  ( 1 4 ) .  Under t h e  Coal  Mine H e a l t h  and S a f e t y  
Act of 1969 ,  r e s e a r c h  on  d u s t  c o n t r o l  h a s  a c c e l e r a t e d .  

H A Z A R D S  FROM DIESEL EQUIPMENT 

The p r i n c i p a l  h a z a r d s  o f  u s i n g  d i e s e l s  underground have been i d e n t i -  

1) The t r a n s p o r t a t i o n  and s t o r a g e  of a h i g h l y  flammable and 
v o l a t i l e  f u e l  w i t h  r e s u l t a n t  h a z a r d s  o f  f i r e  and/or  e x p l o s i o n s .  

2 )  Unheal thy c o n d i t i o n s  c a u s e d  by t h e  d i s c h a r g e  o f  t o x i c  sub-  
s t a n c e s  f rom t h e  e n g i n e  e x h a u s t .  

3 )  I g n i t i c n  of f lammable a tmospheres  b y  h o t  s u r f a c e s  of  t h e  
e n g i n e ,  s u c h  as e x h a u s t  m a n i f o l d  or by b u r n i n g  p a r t i c l e s  
o f  c a r b o n  from the  e x h a u s t  gas. 

It has been l o n g  e s t a b l i s h e d  from e n g i n e e r i n g  t e s t s  t h a t  d i e s e l  
e x h a u s t  q u a n t i t i e s  are r e l a t e d  t o  d i s p l a c e m e n t  and  speed  c h a r a c t e r i s t i c s  
o f  t h e  e n g i n e ,  t h e  d e s i g n  of t he  e n g i n e ,  and t h e  f u e l - a i r  r a t i o  needed 
t o  produce  u s e f u l  power.  It has a l so  been r e c o g n i z e d  t h a t  d i e s e l s  under  
p r o p e r  c o n t r o l  produce  o n l y  minor  amounts o f  t o x i c  and n o x i o u s  fumes a l -  
though t h e r e  i s  a n  i r r e d u c i b l e  l i m i t .  f'o? the ~ x h r ~ n ~ t  g z s e s .  T t c  c x -  
t a m i n a n t s  t h a t  are r e l e a s e d  i n t o  t h e  mine a tmosphere  must be d i l u t e d  
i m m e d i a t e l y  t o  minimize  l o c a l  c o n c e n t r a t i o n s .  F u r t h e r m o r e ,  s i n c e  mul- 
t i p l e  u n i t s  u s u a l l y  w i l l  b e  o p e r a t i n g  i n  t h e  same a i r  stream, t h e r e  i s  
a c u m u l a t i v e  e f f e c t  on contaminant  c o n c e n t r a t i o n s .  The r a t e  of con- 
t a m i n a t i o n ,  t h e r e f o r e ,  i s  r e l a t e d  t o  t h e  volume and v e l o c i t y  of t h e  
v e n t i l a t i n g  a i r ,  f r e q u e n c y  and d u r a t i o n  of  e n g i n e  o p e r a t i o n s ,  and en- 
g i n e  l o a d  and l o c a t i o n .  V e n t i l a t i o n ,  i n  a d d i t i o n ,  a f f e c t s  t h e  r a t e  a t  
which t h e  c o n t a m i n a t i o n  moves t h r o u g h  t h e  workings .  Because o f  Threshold  
L i m i t  Values  (TLVs)  and e x c u r s i o n  r a t e s  a l l o w e d  on some o f  t h e  contam- 
i n a n t s  , t h e  c a l c u l a t i o n s  f o r  v e n t i l a t i o n  r e q u i r e m e n t s  must t a k e  i n t o  
a c c o u n t  t h e  time v a r i a n t  c h a r a c t e r i s t i c s  of t h e  contaminant  c o n c e n t r a -  
t i o n s  and average  them o v e r  t h e  e n t i r e  o p e r a t i n g  p e r i o d  o f  t h e  mine. 
The o b j e c t i v e  of a r e s e a r c h  program a t  Penn S t a t e  i s  t h e  development  o f  
a d i g i t a l  s i m u l a t i o n  model  t o  s t u d y  t h e  e f f e c t  of u s i n g  d i e s e l s  under-  
ground on mine v e n t i l a t i o n  s y s t e m s  ( 1 6 ) .  

f i e d  as: 
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SUMMARY 

\ I n  i t s  most e l e m e n t a r y  form,  c o a l  min ing  is materials h a n d l i n g  and 
c o n s i s t s  o f  removing i n - s i t u  c o a l  f rom m u l t i p l e  mine o r i g i n s  t o  f i n a l  
d e s t i n a t i o n s .  There  a r e  c e r t a i n  s p e c i a l  e n v i r o n m e n t a l  c o n s i d e r a t i o n s  
p e c u l i a r  t o  underground mining .  These i n c l u d e  t h e  problems of t o x i c ,  
n o x i o u s ,  and e x p l o s i v e  a tmospheres  caused  by g a s e s  and d u s t .  A funda-  
m e n t a l  o b j e c t i v e  of a mine v e n t i l a t i o n  s y s t e m  i s  t o  s u p p l y  t h e  mine e n -  
v i ronment  w i t h  a n  a d e q u a t e  q u a n t i t y  of uncontaminated  f r e s h  a i r  t o  d e a l  
w i th  t h e  c o n t r o l  o f  r e s p i r a b l e  and e x p l o s i v e  c o n t a m i n a n t s  and  t o  Pro-  
v i d e  f o r  t h e  h e a l t h  and s a f e t y  of t h e  workmen. T h i s  p a p e r  has b r i e f l y  
rev iewed some r e c e n t  r e s e a r c h  programs p r e s e n t l y  underway i n  t h e  mine 
v e n t i l a t i o n  a r e a .  

It i s  d i f f i c u l t  t o  q u o t e  a n  a v e r a g e  c u b i c  f e e t  p e r  m i n u t e  v e n t i l a -  
t i o n  f i g u r e  f o r  c o a l  mines .  The weighted  f i g u r e  i s  unknown and r e a l l y  
h a s  no s i g n i f i c a n c e .  However, i n  a modern c o a l  mine, f o r  e a c h  t o n  o f  
c o a l  produced e a c h  d a y ,  on a n  a v e r a g e ,  4-6 t o n s  of  a i r  i s  c i r c u l a t e d .  
S i m i l a r l y ,  c o s t  f i g u r e s  a r e  very  d i f f i c u l t  t o  o b t a i n  from t h e  i n d u s t r y  
because  of  t he  c o n c e r n  f o r  r e l e a s i n g  p r o p r i e t a r y  i n f o r m a t i o n .  A l s o ,  
a c c o u n t i n g  p r i n c i p l e s  v a r y  from one mine t o  a n o t h e r  t o  make comparisons 
l ess  meaningfu l .  However, as  a t y p i c a l  f i g u r e  f o r  a group of mines ,  
o p e r a t i n g  c o s t s  are  156 p e r  t o n  and c a p i t a l  c o s t s  2 5 6  p e r  t o n ,  a c c o u n t i n g  
f o r  about  6 1  o f  t h e  t o t a l  c o s t s .  However, t h e  i n d i r e c t  c o s t s  of mine 
v e n t i l a t i o n ,  though d i f f i c u l t  t o  a s c e r t a i n ,  c a n  be q u i t e  h i g h .  Severe  
d i s r u p t i o n  of work and l o s s e s  i n  p r o d u c t i o n  cannot  be r u l e d  o u t .  I n  
any c a s e ,  t h e  end r e s u l t s  of i n a d e q u a t e  c o n t r o l  i n  mine v e n t i l a t i o n  can  
be  sudden and c a t a s t r o p h i c  e . g . ,  e x p l o s i o n s ,  i g n i t i o n s ,  f i r e s ,  s u f -  
f o c a t i o n s ,  e t c .  

Much r e s e a r c h  - t h e o r e t i c a l ,  e m p i r i c a l ,  l a b o r a t o r y ,  and f i e l d  
s t u d i e s  - h a s  been done and i s  b e i n g  done toward t h e  i d e n t i f i c a t i o n  and 
q u a n t i f i c a t i o n  of  t h e  h a z a r d s  posed by  i n a d e q u a t e  v e n t i l a t i o n .  Model 
s t u d i e s  of g a s  and h e a t  f low problems p r o v i d e  t h e  n e c e s s a r y  i n p u t  para-  
m e t e r s  t o  s o p h i s t i c a t e d  q u a n t i t y  and q u a l i t y  c o n t r o l  models .  Research 
e f f o r t s  are  a l s o  aimed a t  t h e  d e t e r m i n a t i o n  o f  s u i t a b l e  p a r a m e t e r s  f o r  
p r o c e s s  c o n t r o l ,  t h e i r  r a n g e  o f  o p e r a t i o n s ,  t h e  development  of remote  
s e n s i n g  and m o n i t o r i n g  equipment ,  c h o i c e  of m o n i t o r i n g  s i t e s ,  e t c .  I n  
t h e  f u t u r e ,  i t  i s  n o t  d i f f i c u l t  t o  f o r e s e e  a h i g h l y  s e n s i t i v e  m o n i t o r i n g  
sys tem coupled  t o  computers  t h a t  a r e  programmed f o r  a u t o m a t i c  c o r r e c t i v e  
a c t i o n .  
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Respiratory Pro tec t ion  and Respirable Dust 
i n  Underground Coal Mines 

H. E.  Harris, W. C .  DeSieghardt 
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Research Center,  Evere t t ,  Massachusetts 02149 

I. INTRODUCTION 

During the  pas t  s eve ra l  years ,  and e spec ia l ly  as a r e s u l t  of t h e  enactment of 
t h e  Federal  Coal Mine Health and Safety Act of 1969, much a t t e n t i o n  has  been 
focused on r e sp i r ab le  coa l  dus t  and var ious  means of preventing the  inha la t ion  of 
such d u s t ,  including t h e  use of dus t  r e sp i r a to r s .  

The use  of r e sp i r a to r s  i n  coa l  mines i s  ce r t a in ly  not  new and, i n  f a c t ,  
almost 40 years ago t h e  Bureau of Mines f i r s t  es tab l i shed  performance requirements 
under Schedule 21(1).* 
usage of r e sp i r a to r s  i n  t h e  f i e l d  and, importantly,  there  w a s  no information on 
how e f f e c t i v e  a r e  dus t  r e sp i r a to r s  under a c t u a l  working conditions.  Consequently, 
t h e  National I n s t i t u t e  f o r  Occupational Safety and Health sponsored a research  
p ro jec t  wi th  Eastern Associated Coal Corp., with t h e  Harvard School o f  Publ ic  
Health a c t i n g  a s  a subcontractor.  The th ree  major ob jec t ives  o f  t h i s  pro jec t  
were: 

However, t he re  was l i t t l e  information ava i l ab le  about t h e  

a. To determine, by means of a f i e l d  survey, t h e  cur ren t  s t a t u s  o f  r e sp i r a to r  
usage wi th  regard t o  duration and frequency of use ,  types, dnd maintenance 
levels. 

To determine pro tec t ion  f a c t o r s  provided by r e s p i r a t o r s  worn by working 
miners. 

b. 

c. To make recommendations on ways t o  improve ex i s t ing  u n i t s ,  o r  on research 
needed t o  develop new types of r e sp i r a to ry  p ro tec t ive  devices f o r  coa l  
miners. 

11. FIELD SURVEY 

A f i e l d  survey (z), which w a s  ca r r i ed  out  i n  1970 and 1971, involved v i s i t s  
t o  47 mines and interviews wi th  511 supervisory and underground mining personnel;  
personnel interviewed included representa t ion  of a l l  of t h e  major job  c l a s s i f i ca -  
t i o n s  found i n  underground mining operations.  

Resul t s  from t h i s  survey showed not  only was t h e r e  r a t h e r  widespread 
possession and usage of dus t  r e sp i r a to r s  (a small  percentage of which, inc identa l -  
l y ,  were not  Bureau of Mines approved) but t h e  working miners expressed s t rong  
sentiments f o r  t h e  need f o r  use of r e sp i r a to r s ,  Table I. 

*Underlined numbers i n  parentheses r e f e r  t o  re ferences  a t  t h e  end of t h i s  paper. 
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TABLE I. Need f o r  Use of Respi ra tors  i n  Coal Mines 

Percent 
of Underground Work Force* 

Generally Needed 42 
Used Whenever Dust i s  Present 45 
Used Only When Necessary 4 
Needed, but a r e  Hard t o  Wear a 
Prevent Dust t o  Make Usage Unnecessary 1 

*428 people i n  var ious  job  c l a s s i f i c a t i o n s ,  
p lus  1 7  Section Foremen 

I t  was a l so  found t h a t  v i r t u a l l y  a l l  coa l  miners use  r e sp i r a to r s  on an inter-  
mi t ten t  bas i s ,  i .e . ,  pu t t ing  the  r e sp i r a to r  on and tak ing  i t  of f  a varying number of 
times during a work s h i f t .  Based on in te rmi t ten t  use ,  a s i g n i f i c a n t  number of 
miners found the  p re sen t ly  ava i l ab le ,  approved r e sp i r a to r s  t o  be only marginally 
acceptable OK unacceptable,  Table 11. 

TABLE 11. Respirator Acceptabili ty Based on In te rmi t ten t  Use 

Percent 

Completed 
Generally 
Marginally 
Unacceptable 

of Underground Work Force* 
2 

64 
24 
10 

*See Note on Table I. 

Major complaints about cur ren t  dus t  r e sp i r a to r s  i n  use could be placed i n  
two ca tegor ies ,  namely, b rea th ing  d i f f i c u l t i e s  and physical discomfort, Table 111, 
and, consequently, t h e  miners want r e s p i r a t o r s  t h a t  a r e  more  comfortable and 
provide eas i e r  brea th ing ,  Table I V .  

TABLE 111. Problems Associated with Respirator Use 

Cause Breathing D i f f i c u l t i e s  

Phys ica l  Discomfort 
Generally Cumbersome and Uncomfortable 
Cause Pe r sp i r a t ion  
I n t e r f e r e  with Tobacco Chewing 
Troublesome Head Harness 
Respirator Too Large 
Facepiece Troublesome 
Dust Ins ide  Mask 
Improper F i t  

Res t r i c t s  Vision o r  I n t e r f e r e s  

Exhalation Valve Troublesome 
I n t e r f e r e s  with Communications 
D i f f i c u l t  t o  Carry 

*See note on Table I. 

In te r fe rence  with Work 

w i t h  Wearing Glasses 

Percent 

37 
of Underground Work Force* 

55 
13 

9 
9 
7 
6 
5 
5 
1 

5 
9 

i 

2 
1 
1 
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TABLE N. Improvements i n  Respirators Desired by Mining Personnel 

Improvements 

Eas ie r  Breathing 
Comfortable Facepiece 
Smaller Unit 
Comfortable Head Harness 
Lighter  Unit 
Be t t e r  F i l t e r  
Be t t e r  Valves 
Eas ie r  t o  Carry 

Educate Men t o  Use Them 
Cannot Be Improved 
Do Not Know 

Percent 
of Underground Work Force* 

A 

19 
12 
11 
11 
6 
5 
2 
1 

3 
2 

28 
100 

- 

- 

B** 

20 
18 
16 
16  
9 
7 
4 
2 

- 

- - 
100 

* See Note on Table I. 

** Percentage Recomputed from P a r t  A by e l imina t ing  l a s t  t h ree  items i n  Pa r t  A.  
Fur ther  information on r e s u l t s  of t he  f i e l d  survey have been reported else- 
where. (2)  

111. PROTECTION FACTORS 

1. General 

A s  mentioned previously,  t he  f i e l d  survey revealed t h a t  v i r t u a l l y  a l l  under- 
ground miners wear r e sp i r a to r s  only on an in t e rmi t t en t  bas i s .  This,  coupled 
with the  f a c t  t h a t  t he  accumulated exposure of miners t o  r e sp i r ab le  coa l  dus t  is 
considered t o  be of importance with respect t o  the  incidence of coa l  workers 
pneumoconiosis, indicated two pro tec t ion  f ac to r s  should be determined. One 
pro tec t ion  f a c t o r ,  e n t i t l e d  "Effective Pro tec t ion  Fac tor  (EPF), represents  t h e  
amount of pro tec t ion  obtained by workigg coa l  miners over t h e  e n t i r e  work s h i f t  
when the  r e s p i r a t o r s  a r e  used in t e rmi t t en t ly  and worn according t o  the  miner ' s  
t r a in ing  and work hab i t s .  Therefore, EPF w a s  determined, i n  the  f i e l d ,  by 
sampling separa te ly ,  bu t  concurrently,  t he  ambient a i r  and the  a i r  i n s ide  t h e  
r e s p i r a t o r  facepiece; over the e n t i r e  working s h i f t  t h e  concentration of res- 
p i r ab le  dus t  was determined f o r  each sample. EPF was ca lcu la ted  as follows: 

where: 

EPF = Effec t ive  Pro tec t ion  Factor , 
DCA Dust Concentration i n  t h e  mine a i r  

DG = Dust Concentration i n  t h e  a i r  i n  the  r e s p i r a t o r  
mask. 
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Since  sampling was done over t h e  e n t i r e  working s h i f t  both DCA and Ix+, a r e  
time weighted average concent ra t ions  of r e sp i r ab le  dust .  

While EPF  represents  t h e  pro tec t ion  provided t o  t h e  working coa l  miner, 
it does not t e l l  how much p ro tec t ion  is provided by the  half-mask r e s p i r a t o r  when 
t h e  r e sp i r a to r  is a c t u a l l y  worn. Consequently, True Protection Factor (TPF), 
which is defined a s  t h e  amount of pro tec t ion  the  use r  receives when he is 
a c t u a l l y  wearing the r e s p i r a t o r  and i n  accordance with the  manufacturer 's  
i n s t ruc t ions ,  w a s  determined by sampling separa te ly  but  concurrently t h e  
ambient air and a i r  i n s ide  t h e  facepiece only when t h e  r e s p i r a t o r  was worn; 
r e sp i r ab le  dus t  concent ra t ions  were determined f o r  both samples. TPF was 
ca lcu la ted  as  follows: 

TPF= 2 
DCR 

where: 
TPP = True Pro tec t ion  Factor 
DGS = Dust Concentration i n  the  Mine A i r  i n  t h e  

Vic in i ty  of Miner wearing the r e s p i r a t o r  
DCR = Dust Concentration in the  a i r  inside the  

r e s p i r a t o r  facepiece.  

2. Equipment and Procedure: 

a .  Equipment 

For determining EPF's, mine a i r  sampling was done with conventional 
personal mass r e s p i r a b l e  sampling equipment (2) i n  use throughout the c o a l  
indus t ry .  A i r  i n s i d e  the  facepiece of t he  r e s p i r a t o r  was sampled using the  
same mass re sp i r ab le  sampling equipment, Figure 1, with the  cyclone mounted 
on the  r e sp i r a to r  and connected t o  a sampling p o r t  i n s ide  the r e s p i r a t o r  (4). 
Also, located in s ide  the  facepiece ,  Figure 2, was a thermistor which is a par t  
of a time-of-wearing device (ft) t h a t  was used t o  determine the amount of time t h e  
r e s p i r a t o r  was a c t u a l l y  worn. 

I n  the  case  of TPF, sampling of the mine a i r  and the  a i r  i n  t h e  mask was 
done using two GCA RDM-101 Respirable Dust Monitors (5) both equipped wi th  the 
same l h  AEC Cyclone as used with the personal samplers. Figure 3 shows the 
sampling equipment in a c t u a l  use underground. 
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FIGURE 1 - TEST SUBJECT WEARING SAMPLING EQUIPMENT 

I 
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FIGURE 2 - INSIDE OF RESPIRATOR FACEPIECE SHOWING THERMISTOR 



FIGURE 3 - TRUE PROTECTION FACTORS SAMPLING EQUIPMENT 

\ 

I 
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b . Procedures 

For EPF's, a i r  and i n  mask sampling was done from the  time e a & . t e s t  
subjec t  miner s t a r t e d  work u n t i l  work ceased a t  the end of the s h i f t ,  bxcept 
f o r  t he  lunch period. As shown in Table V ,  t e s t i n g  was done i n  f i v e  d iPferen t  
mines and involved 208 man s h i f t s  and 13 d i f f e ren t  job c l a s s i f i c a t i o n s ,  mwtly 
those a t  the working face.  F ive  d i f f e r e n t  models of r e s p i r a t o r s  were used. 

TABLE V. Scope of Testing - Effec t ive  Pro tec t ion  Factor 

No. of Mines 

Days of Tes t ing  

Man S h i f t s  of Tes t ing  

Test Subjects (by job c l a s s i f i c a t i o n )  

Continuous Mining Machine Operator 
Continuous Mining Machine Helper 
Loading Machine Operator 
Roof Bo l t e r  
Shu t t l e  Car Operator 
Bratticeman 
Cutting Machine Operator 
Coal D r i l l e r  
Longwall Machine Headgate Operator 
Longwall Machine T a i l  Operator 
Longwall Machine Jack Machine Operator 
Safety Technician 
Rock Duster 
Research Inves t iga tor  

Tota l  

5 

26 

2 08 

Number 

5 
1 
6 
3 
7 
2 
2 
2 
1 
1 
2 
4 
8 
1 

45 

For t h e  TPF, 8 d i f f e r e n t  face miners and one research engineer were used a s  
t e s t  subjects .  These people, which included 6 d i f f e r e n t  job c l a s s i f i c a t i o n s  of 
face miners, represented 8 d i f f e r e n t  f a c i a l  s i ze s  a s  c l a s s i f i e d  by the  system s e t  
f o r t h  by Hyatt , et a1 (a); a diagram of  t h i s  system i s  shown i n  Figure 4. 
Each of t he  t e s t  sub jec t s  wore  5 d i f f e r e n t  r e s p i r a t o r  models over a 3 day period. 
During t h e  period each r e s p i r a t o r  was worn, four  sampling runs, each of four  
I I I I I IULCD duiai iun,  were made i n  wnich the mine a i r  i n  t e s t  sub jec t s '  breathing 
zones and the a i r  i n s ide  the  r e s p i r a t o r  facepiece were sampled concurrently.  

-,--. .._ - 

3. Results 

While a l l  of the d a t a  have been obtained, t he  analyses of the da t a  had not 
been completed a t  the time t h i s  manuscript w a s  prepared; consequently t h i s  should 
be considered i n  the  na tu re  of a progress report .  

The d i s t r i b u t i o n  of EPF 'S  f o r  a l l  the  t e s t  subjec ts  who were f ace  miners is 
shown i n  Figure 5 and, s imi l a r ly ,  the d i s t r i b u t i o n  f o r  TW's  is s h m  i n  Figure 6. 
Some in t e re s t ing  d i f f e rences  can be observed. 
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For t h e  EPF's, values ranged from less than  one t o  a s  high as 40 and above; 

While i t  may seem su rp r i s ing  t h a t  on occasion a r e s p i r a t o r  
however, most of t he  values were i n  the one t o  fou r  range. 
16, were l e s s  than 1.0. 
u se r  i s ,  e i t h e r  ge t t i ng  no pro tec t ion  a t  a l l  o r  i s  possibly inha l ing  more r e sp i r ab le  
dus t  than is  present i n  t h e  ambient a i r ,  f i e l d  observations ind ica t e  such is the case.  
For example, it i s  q u i t e  poss ib le  t h a t  r e sp i r ab le  dus t  co l lec ted  on the  miner ' s  c lo thes  
could be brushed off o r  knocked loose and be co l l ec t ed  i n  the  mask, which was worn 
hanging loose on the  wearer ' s  ches t ,  thereby c rea t ing  the  higher dus t  concentrations 
found i n  the  mask. 

Of t h e  151 values obtained, 

Unlike the  EPF 'S ,  t h e  TPF's showed a reasonably normal d i s t r i b u t i o n  and with 
l i t t l e  d i f fe rence  between mean and median values.  

As s h a m  i n  Figure 7 ,  during the  EPF test work the  time the  r e s p i r a t o r s  were 
ac tua l ly  worn during the  work period by t h e  test subjec ts  varied from a l o w  of about 
10 percent of t he  time t o  almost 90 percent;  t he  mean average was about 46 percent 
of t h e  time. 
of time t h e  r e s p i r a t o r  i s  ac tua l ly  worn and the  l e v e l ,  o r  e f f ec t iveness ,  of t h e  pro- 
t e c t i o n  obtained; i n  o the r  words, the  longer t h e  r e s p i r a t o r  is worn, t h e  b e t t e r  the  
pro tec t ion  (h igher  EPF) obtained. However, so f a r  we have found no r e l a t ionsh ip  t o  
e x i s t  between the  time t h e  r e s p i r a t o r  was worn and the  pro tec t ion  obtained. 
suggests t he re  are probably o the r  f ac to r s  t h a t  obvia te  the e f f e c t  of time of wearing. 

It might be expected t h a t  a r e l a t ionsh ip  should e x i s t  between the  length 

This 

Test r e s u l t s  f o r  t he  f i v e  d i f f e r e n t  models of r e sp i r a to r s  t e s t ed  ( f o r  EPF) 
i s  shown i n  Table V I .  It should be noted t h a t  t he  da ta  shown include some very 
high values and values,  a s  mentioned previously,  where the  EPF i s  l e s s  than 1.0. 
Both can, of course,  influence the  mean average and, consequently, t he  median value 
i s  a l s o  shown. Although we have not  completed a s t a t i s t i c a l  analyses of t he  d a t a ,  
i t  does appear there  a r e  d i f fe rences  among the  r e sp i r a to r s  t e s t ed  with r e s p i r a t o r s  
B and E being less e f f ec t ive  than the  o the r s .  

TABLE V I .  Comparison of Di f fe ren t  Respirator Types Tested 

Respirator No. of Test Subjects Ef fec t ive  Pro- 
t e c t i o n  Fac tor  

(EPF) . .  
Model Mean Avg. Median 

A 8 4.9  3 . 4  

11 
11 
6* 
4 

5.0 2 . 6  
6.8 3 . 7  
8.5 3.9 
3 . 2  2 . 0  

* Actually 3 d i f f e r e n t  t e s t  sub jec t s .  

The TPF's obtained f o r  t he  same f i v e  r e s p i r a t o r s  i s  given i n  Table V I I .  
While, i n  each case,  t he  TPF obtained was subs t an t i a l ly  higher than the  EPF, the  
TPF is s t i l l  somewhat l e s s  than t h a t  t h e o r e t i c a l l y  poss ib le  based on f i l t e r  
e f f i c i enc ie s .  
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TABLE VII. Comparison of Di f fe ren t  Resoirator Models 

True Pro tec t ion  
Fac tor  (TPF) 

Respirator No. of Test Subjects Mean Avg. Median Avg. 

11.1 10.6 

9.2 8 .9  
11.4 10.8 

8.7 8 .4  

8.7 8.5 

(Penet ra t ion  of f i l t e r  media by p a r t i c l e s  0.8 t o  1 .0  micron i n  s i z e  is usua l ly  l e s s  
than 4 percent.)  We f e e l  t h i s  loss i n  r e s p i r a t o r  e f fec t iveness  i s  pr imar i ly  caused 
by the  lack of an idea l  f i t  o r  s e a l  between the  facepiece and the  s u b j e c t ' s  face .  
Not only i s  a proper face  seal d is turbed  by f a c i a l  and body movement, bu t  undoubt- 
edly the  f a c i a l  s i z e  and shape a f f e c t s  t h e  s e a l  obtained. This i s  ind ica ted  by the 
range of values obtained f o r  t h e  d i f f e r e n t  test  sub jec t s ,  Table VIII, each of whom 
wore a l l  t h e  d i f f e r e n t  r e s p i r a t o r s .  

TABLE VIII. Range of TPF's 

Tes t  TPF* 
Subject H a  

1 2 3  6.6 

13.5 5 . 8  
14.2 4.0 
11.4 8 .2  
15.4 7 .2  
19.5 8 .3  
10.2 6.6 
11.9 9.6 
10.0 5.9 

* Average of four  values obtained f o r  one r e s p i r a t o r  worn. 

It i s  probably t h i s  d i f f i c u l t y  of e a s i l y  achieving and maintaining a good f i t  
and face  seal t h a t  accounts f o r  much of t he  d i f fe rence  between EPF and TPF. In t h i s  
connection and i n  the  case of EPF the  f i t  problem becomes more d i f f i c u l t  because 
miners f ind  it imprac t ica l  t o  wear a two-strap r e s p i r a t o r  head harness i n  t h e  prescribed 
manner. 
below t h e  ea r s .  
research is much needed. In addi t ion ,  t he re  i s  need f o r  b e t t e r  ma te r i a l s  of cons t ruc t ion  
and b e t t e r  desigm which w i l l  provide both a more comfortable r e s p i r a t o r  and be t t e r  
f ace  s e a l .  

Therefore, t he  miners wear the  two straps i n  a s ing le - s t r ap  configuration 
The development of a more appropr ia te  head harness i s  an a r e a  wherein 

\ 
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V. CONCLUSIONS 

1. Half-mask dus t  r e s p i r a t o r s  a r e  i n  general  use i n  underground c o a l  mines and 
working miners f e e l  t he re  is a d e f i n i t e  need f o r  resp i ra tcxypro tec t ive  devices.  

Most miners f e e l  p resent ly  ava i l ab le  approved r e s p i r a t o r s  are acceptable f o r  
i n t e rmi t t en t  use bu t  over a t h i r d  of t he  miners f e e l  t h e  cur ren t  u n i t s  a r e  unacceptable 
o r  marginally acceptab le .  

2 .  

3. Discomfort t o  wear and breathing r e s i s t ance  a r e  c i t e d  by miners a s  t h e  major 
disadvantages of present  day half-mask r e sp i r a to r s .  

4. As used i n  t h e  f i e l d ,  p resent ly  ava i l ab le  r e s p i r a t o r s  provide the  working 
miners a reasonable l eve l  of pro tec t ion  aga ins t  t h e  inha la t ion  of r e sp i r ab le  dus t .  
However, t h e  leve l  of p ro tec t ion  obtained is s i g n i f i c a n t l y  lower than poss ib le  under 
i d e a l  conditions.  
i s  one of t h e  major reasons f o r  reduced pro tec t ion  l e v e l s  under a c t u a l  working condi- 
t ions.  

D i f f i c u l t y  i n  maintaining t h e  proper s e a l  between facepiece and f a c e  

5. There i s  a need f o r  more comfortable r e s p i r a t o r s  with reduced r e s i s t ance  t o  
brea th ing .  
b e t t e r  designs so that a good f i t  between facepiece and f ace  can be  secured and 
maintained with half-mask type r e sp i r a to r s .  

Likewise, t h e r e  is a need f o r  b e t t e r  materials of cons t ruc t ion  and 

6 .  I n  t h e  development of improved r e sp i r a to ry  p ro tec t ive  devices f o r  coal 
m i n e r s  a system approach should be used. 

VI. FURTHER OBSERVATIONS 

It is  evident t h a t  improved r e sp i r a to ry -p ro tec t ive  devices f o r  underground coa l  
miners are needed. In t h e  development and design of such devices,  a systems approach 
should be u s e d  because of t h e  need t o  i n t e g r a t e  pro tec t ion  requirements of d i f f e ren t  
kinds with the  cons t r a in t s  of the  work requirements and work environment. I n  the  case 
of t he  coa l  miner, t h e r e  is, a s  a minimum, a need, a l l  o r  p a r t  of the  t i m e ,  f o r  the  
following, each of which can be considered a system: 

a.  head pro tec t ion  
b. i l lumina t ion  
c .  ,,.,A ...-,...--..J-- -,- ~ . " . S L . A " U  

d. no ise  pro tec t ion  
e.  o the r s ,  e .g . ,  car ry ing  of spec ia l  equipment 

o r  t oo l s  

A t  t he  same time, t h e  miner needs t o  have t h e  maximum amount of mobi l i ty  and the  
work environment o f t en  imposes severe cons t r a in t s  i n  terms of space and s i z e  and 
weight l imi t a t ions .  
and designing improved r e sp i r a to ry  equipment t o  take  i n t o  account t h e  miner 's  need 
fo r  such things as head, eye ,  and noise  pro tec t ion  and i l lumina t ion ,  and t o  
i n t e g r a t e  these systems. 

Consequently, i t  w i l l  be  necessary,  f o r  example, when developing 

An example of t h e  l a c k  of systems approach me t h e  present  d i f f i c u l t i e s  associated 
with r e s p i r a t o r s  with the  two-strap head harness and the  miner 's  use of t he  hard ha t  
(1). Clea r ly ,  such d i f f i c u l t i e s  must be eliminated i n  newer and improved designs. 



179 

REFERENCES 

1. Schutz, R. H., "The Dust Respi ra tor  Problem", Proceedings 
of t h e  Symposium on Respirable Coal Mine Dust,  Washington, 
D. C. November 3-4, 1969. 

2 .  DeSieghardt, W .  C . ,  H. E. Har r i s ,  W. A. Burgess, and 
P. C.  Reis t ,  "Respirator Usage i n  Underground Bituminous 
Coal Mines", Mining Congress Journa l ,  pp 43-48, August 1971. 

3. I C  8503, "Sampling and Evaluating Respirable Coal Mine Dust," 
U. S .  Bureau of Mines, February 1971. 

4. Harris, H. E . ,  W .  C .  DeSieghardt, W .  A. Burgess and 
P. C.  Reist, "Respirator Usage and Effectiveness i n  
Bituminous Coal Mining Operations." American I n d u s t r i a l  
Hygiene Conference, San Francisco, C a l i f .  May 18, 1972. 

5. L i l i en fe ld ,  P. and J.  Dulchinos, "Portable Instantaneous 
Mass Monitor f o r  Coal Mine Dust,"AIHA Journa l ,  Vol. 33, 
N O .  3, pp 136-145 (1972) 

6. Hyatt ,  C. C . ,  A. L. Hack, T.  0. Moore, and C. P .  Richards, 
"LASL Respi ra tor  Test Panel - Representative of U. S: Male 
Fac ia l  Sizes.  

7 .  Harris, H. E., W .  A. Burgess, and W. C.  DeSieghardt, 
"Effectiveness of Dust Respi ra tors  i n  Underground Coal Mines", 
AIME Annual Meeting, Feb. 25 - Mar. 2 ,  1973, Chicago, I l l .  



180 

EQUIPMENT MODIFICATION 

FOR INCREASED SAFETY 

Donald G .  Rogich 

Chief,  Division of  Mine S y s t e m s  Engineer ing  
U. S. Depar tment  of the  I n t e r i o r  

B u r e a u  of Mines  

INTRODUCTION 

This paper i s  a progress r epor t  on t h e  work performed t o  da t e  

under the Federa l  Bureau of Mines "Inherently Safe Mining Systems" 

cont rac t .  

The concept of i n i t i a t i n g  a l a r g e  ac t ion-or ien ted  con t r ac t ,  

d i rec ted  towards obta in ing  coal-mining systems with g r e a t l y  improved 

sa fe ty  c h a r a c t e r i s t i c s ,  was conceived by the  Bureau i n  January 1971. 

The concept of working demonstrable systems, r a t h e r  than j u s t  a 

conceptual s tudy ,  was f e l t  to be necessary for  two s i g n i f i c a n t  reasons.  

I n  the development of any new system, t h e  t r a n s l a t i o n  from concept to  

working hardware i s  usua l ly  a cos t ly  and time-consuming process t h a t  

a c t s  as a d e t e r r e n t  t o  implementation. 

mining conrmunity t o  change equipment o r  systems a r e  based on f i r s t -hand  

observation of t h e  new system, i n  opera t iona l  p rac t i ce ,  an a t t i t u d e  

which i s  c e r t a i n l y  understandable i n  view of t h e  high c a p i t a l  cos t s  of 

equipment, 

Second, many dec is ions  i n  the 

Based on a competit ive procurement process,  t h e  Inherent ly  Safe  

Mining Systems c o n t r a c t  was awarded t o  t h e  FMC Corp., San Jose ,  Cal i f . ,  

on June 18, 1971. 

demonstrate s a f e r  mining equipment and procedures t h a t  can be developed 

using ex i s t ing  s t a t e -o f - the -a r t  technology. 

The major goal of t h i s  con t r ac t  i s  t o  develop and 
L 

This program is  aimed a t  demonstrating improved sa fe ty  of operations 

i n  the a rea  from t h e  working face t o  the  f i r s t  po in t  o f  coal  t r ans fe r  

i n  underground bituminous c o a l  mines with seam heights of 4 t o  8 f e e t ,  

w i t h  emphasis placed on the  prevention of f a t a l  and nonfa ta l  acc idents  
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by avoiding, warning, or protecting against the physical hazards of 

machinery and against falls of roof and rib. 

and catastrophes (for example, explosions) are not being directly 

addressed, although procedures and equipment developed for this pro- 

ject will be evaluated to verify that they do not aggravate these 

Long-term health problems 

problms. 

The program is being conducted in three phases. Phase I, which 

has been completed, involved data accumulation and analysis leading to 

problem definition and the development of concepts to alleviate these 

problems. We are currently well into Phase I1 of the program, in which 

all the basic equipment elements are to be procured and modified and 

new equipment fabrications completed. Subsequent portions of this 

paper present the status of these major equipment developments. Phase 

111, the 1-year operational demonstration, is scheduled to begin in 

August of this year for the conventional section and later for the 

continuous section. 

PROBLEM DEFINITION 

A brief review of the magnitude of the safety problem associated 

with those activities within the scope of this program is of interest. 

This work i n  problem definition was performed during the first phase of 

the program and has been reported in detail in a report entitled 

"Accident Analysis by Functional Classification for Bituminous Coal 

Mines in &Foot to 8-Foot Seam Heights." This report was completed on 

I 
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September 11, 1972, and has been placed with the  National Technical 

Information Service.  

Data on f a t a l  and nonfa t a l  acc idents  i n  underground bituminous 

coa l  mines ope ra t ing  i n  4- t o  8- foot  seams w a s  gathered t o  eva lua te  

the problem and to  assist des igners  i n  developing designs f o r  equipment 

and procedures,  which w i l l  reduce the  incidence o f  these  accidents.  

The da ta  was s t ruc tu red  i n  a form t h a t  would i d e n t i f y  -- 
The types  of acc idents  t h a t  a r e  occurring 

The causes  of these  acc idents  

The a spec t s  of t h e  job o r  equipment t h a t  cont r ibu te  t o  these 

acc iden t s  

The n a t u r e  and dura t ion  of t he  hazards t o  which workers a r e  

exposed. 

The f a t a l  acc ident  d a t a  base cons is ted  of 283 acc idents  r e su l t i ng  

i n  302 f a t a l i t i e s .  

Nonfatal  acc ident  da t a  was gathered i n  t h e  f i e l d  from company 

records on f i l e  a t  var ious  mining company o f f i ces .  The s p e c i f i c  

accident in format ion  sources have been masked t o  preserve  t h e i r  

i d e n t i t i e s .  Information on 65 conventional mining sec t ions  and 155 

continuous-mining sec t ions  i s  contained i n  t h e  da ta  base. This sample 

represect. ln,on?,?5? tn ta l  %r!r!?Pl m=n-hnUr_c ir! 4-  '" %foot _cezTs, 

which i s  about 14% of  the  indus t ry  wide t o t a l  annual labor  hours i n  

4- t o  &foo t  seams. 



Table 1 is  an ove ra l l  sumary  of the  frequency and seve r i ty  of 

nonfa ta l  acc idents ,  t he  incidence of f a t a l  acc idents ,  and the  indus t ry-  

wide expectation of l o s t  man-days per year  by system function. 

Worthy of no t i ce  i s  the  t o t a l  of 220,500 estimated man-days l o s t  

each year a s  a r e s u l t  of compensable and noncompensable acc idents .  

This i s  equivalent t o  a labor  force  of approximately 890 men, enough 

men t o  mine coa l  i n  75 t o  90 underground mining sec t ions .  

Table 2 provides information on the  p r inc ip l e  causes of i n ju ry  

f o r  each of t he  major system funct ions .  

Based on t h e  r e s u l t s  of accident s tud ie s  and u n i t  operation 

a n a l y s i s ,  c r i t e r i a  fo r  concepts t o  improve t h e  s a f e t y  o f  t h e  conventional 

and continuous mining systems were developed. 

ava i l ab le  t o  design personnel through acc ident  study conclusions,  

opera t ion  ana lys i s  study conclusions,  and recommended des ign  approaches. 

These c r i t e r i a  were made 

CONVENTIONAL M I N I N G  SYSTEM CONCEPTS 

Work is  progressing on the modi f ica t ion  of equipment f o r  use i n  

t h e  conventional mining sec t ion  demonstration. 

t i ons  planned o r  underway a r e  described i n  the  following sec t ions .  The 

major c m o n  fea tu res  i n  these  modi f ica t ions  are all-arouhd p ro tec t ive  

suspended cabs and improved and standardized con t ro l s .  The cab suspension 

f ea tu re ,  incorporated i n  a va r i e ty  of unique ways on t h e  sec t ion  equip- 

ment, has two advantages: f i r s t ,  i n  t he  event of a major f a l l  t h e  cab 

can d e f l e c t  i n  a cont ro l led  manner t o  enable the  machine frame t o  pick 

The s p e c i f i c  modifica- 
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up a por t ion  of the  load; and secondly, t he  e leva t ion  can be ad jus ted  

t o  ob ta in  the  maximum v i s i b i l i t y  allowable under ex i s t ing  seam height  

and roof conditions.  

Controls on a l l  s ec t ion  equipment have been examined from a human 

engineering cont ro l  func t ion  and consistency viewpoint and s imi l a r  

motions and loca t ions  have been es tab l i shed  t o  the  maximum extent 

poss ib le .  T h i s  was considered to  be of importance i n  view of the  

learning experience requi red  when an opera tor  i s  new t o  a p iece  of 

equipment or is ca l l ed  upon t o  opera te  temporarily a d i f f e r e n t  equipment 

element. It has been shown t h a t  t h i s  l earn ing  experience is  of ten  

a t tendent  with a higher accident r a t e .  

A l l  sec t ion  equipment wi th  the  exception of t h e  DC s h u t t l e  c a r s  

w i l l  employ 950-volt power. 

cable with sa fe ty  grounds without any increase  i n  cable  s i z e  or w e i  h t .  

This penni t s  t h e  u t i l i z a t i o n  of shielded 

SHUTTLE CAR 

Two National Mine Serv ice  Lokar's have been procured and a r e  being 

iden t i ca l ly  modified f o r  t h i s  program. To a la rge  degree,  t he  modifica- 

t ions  being performed iden t i fy  what can be accomplished when s u f f i c i e n t  

space i s  ava i l ab le  on t he  b a s i c  machine. The bas i c  modi f ica t ion  is a 

human engineered swing-around suspended cab. This cab w i l l  e l eva te  or  

depress under power from a nominal 6-inch t o  a maximum of 16-,inch 

ground clearance.  In t he  event of a f a l l ,  t h e  cab w i l l  de f l ec t  t o  the  

f loo r  i n  a cont ro l led  fashion. I 
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The opera tor  is not  requi red  t o  leave  t h e  cab when the  d i r ec t ion  

of s h u t t l e  c a r  travel is  reversed. This i s  accomplished by the  r e l ease  

of an underseat l a t c h ,  powered r o t a t i o n  o f  t h e  cab about an a x i s  near 

t h e  opera tor ' s  cen te r  of g rav i ty ,  and l a t c h  reengagement when r o t a t i o n  

is complete, The con t ro l s  t r a v e l  with t h e  opera tor  and a r e  automatically 

reversed when the  new pos i t i on  is reached. 

automotive-type wheel is always cons i s t en t  with the  d i r e c t i o n  of t r ave l .  

Tram and brake  con t ro l s  are a l s o  cons i s t en t  with automotive p rac t i ce  

and r o t a t e  with t h e  cab. 

S teer ing  by means of an 

Cab s i d e  c l ea rance  i n  the  90' ro t a t ed  pos i t i on  i s  31 inches beyond 

the  outer edge of t h e  ex i s t ing  machine s t ruc tu re .  

pos i t i on ,  cab s i d e  extension i s  4 inches. This was required i n  the 

i n t e r e s t  of a d d i t i o n a l  opera tor  comfort. 

In  t h e  fo re  and a f t  

FACE DRILL 

The f ace  d r i l l  procured f o r  t h i s  program w a s  a Long Airdox model 

TDF-24C. Control modi f ica t ions  w i l l  cons i s t  of a reduction i n  t h e  

number of con t ro l  va lves  by means of combined joys t ick  cont ro ls .  

d r i l l  frame swing and e leva te  cont ro ls  w i l l  be c h b i n e d  a s  w i l l  the  

d r i l l  arm swing and e l eva te  functions thus  reducing the  number of levers  

The 

In the opera tors  compartment. Additionally,  automotive wheel-type 

s t ee r ing  w i l l  be u t i l i z e d ,  t h e  tram and brake cont ro ls  w i l l  remain 

unchanged. An opera to r s  cab similar t o  t h a t  employed f o r  t he  s h u t t l e  

c a r s  w i l l  be  used with a IO-inch nominal ad jus tab le  height.  
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UNDERCUTTER 

The c u t t i n g  machine employed i n  t h i s  system w i l l  be a Joy model 

15RU-6B. 

t he  face  d r i l l  w i l l  be  used. S ince  i n s u f f i c i e n t  space f o r  a s u i t a b l e  

cab ex is ted  on t h e  standard machine, i t  was modified by r e loca t ion  of 

t he  hydraulic tram motor i n  order t o  provide leg  room f o r  the opera tor .  

Joys t ick  boom and bar con t ro l s  and wheel s t ee r ing  s imi l a r  t o  

The machine w i l l  be equipped with forced air  t o  the  end of t he  

c u t t e r  ba r  f o r  s l o t  v e n t i l a t i o n  and water spray nozzles f o r  dus t  

cont ro l .  

LOADING MACHINE 

The loading machine w i l l  be a Joy model 14BU10. Some of t h e  

spec ia l  fea tures  of t h i s  machine a r e  an oblique mounted ope ra to r ' s  cab 

with l imi ted  r e e l  cab le  s torage  and s impl i f ied  cab mounted con t ro l s .  

The ex i s t ing  standard loading machine does not provide s u f f i c i e n t  space 

fo r  i n s t a l l a t i o n  of a cab of adequate dimensions. 

t h i s  space t o  provide a comfortable cab i s  f e l t  to be important s ince  

t h i s  i s  t h e  one loca t ion  where a worker can be pro tec ted ,  and every- 

th ing  poss ib le  should be done t o  make it des i r ab le  and p r a c t i c a l  f o r  

the operator t o  remain i n  t h e  cab. 

The a v a i l a b i l i t y  of 

The cab, a s  configured, w i l l  e l eva te  and depress about a hor izonta l  

p ivot  a t  t he  opera tor ' s  f e e t .  

because of oblique mounting of t h e  cab t o  f a c i l i t a t e  t he  opera tors  view 

of t he  t a i l  b o w  during t h e  loading operation. 

The add i t iona l  s i d e  c learance  was requi red  
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Cable reel storage for approximately 100 feet of cable will be 

provided in the rear of the operator's cab. 

controlled by a cab-mounted, foot-operated valve, should ease the cable 

handling requirements, 

The reel, which will be 

AUTOMATED TEMPORARY ROOF SUPPORT BOLTER 

A piece of equipment that will be built in two versions, one for 

use in the conventional section and one in the continuous section, is 

an automated roof bolter incorporating temporary roof support. 

basic machine chassis will be a Galis model 3510. The key features of 

this machine will be an automated magazine supplied bolter that can be 

remotely operated by the worker from the protective cab position to 

bolt a 20-foot-wide place without local repositioning of the machine. 

The 

In the remote-control operational mode, the capability will exist 

to drill holes and install bolts with a length of from 5 to 6 feet, 

depending on the machine version. The machine can also be utilized 

with the operator working at the head end under the remotely actuated 

temporary support canopy. In this mode, the capability will exist to 

drill holes and install bolts of whatever length required. 

For tramming, the bolts and drill steel are removed from the 

uasjaeine and cne protective canopy is then collapsed to a maximum 

height of approximately 3 feet. 
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CONTINUOUS-MINING SYSTEM CONCEPTS 

The scheduled start date for the underground demonstration of the 

continuous-mining system is about 4 months later than for the conventional 

section. The equipment development is, therefore, not as far advanced 

as in that discussed for the conventional section. 

The principle thrust for this equipment is to develop the capability 

to install a full bolting pattern automatically from the continuous- 

mining machine in order to obtain permanent support installation as 

rapidly as possible and allow the convenient utilization of continuous- 

belt haulage systems. The benefits of success in this development are 

apparent, but the problems encountered are also quite significant. The 

major obstacle is, of course, the space constraints. Existing continuous- 

mining machines are large and encumbered with considerable necessary 

machinery components, and the dimensions of the working space are, of 

course, limited. The on-board space available to accommodate equipment 

to drill and bolt a full three- or four-bolt pattern without restricting 

equipment maneuverability or effecting complete machine redesign is, 

therefore, extremely limited. 

What has been developed through the preliminary design phase is 

illustrated by the sketch in figure 1. The basic machine to be employed 

is a Joy 12CM1-15B full-face miner capable of driving a 15-1/2-foot 

entry. Four on-board bolters are shown which would permit the installa- 

tion of a four bolt pattern with a maximum center-to-center spacing of 

4-1 /2  feet. The bolting machine would employ a single drilling bolting 

I 
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head with magazine s to rage  and should b e  a b l e  t o  i n s t a l l  a b o l t  

approximately 2 f e e t  l e s s  than the  seam he ight .  

I n  order  t o  accommodate the  r e a r  b o l t e r s ,  the  opera tors  compartment 

has been removed, t he  conveyor extended, and the tailboom hinge p in  

moved forward. Two cabs have been added t o  the  tailboom, one f o r  the 

miner operator and one f o r  t h e  roof bo l t e r .  With the  hinge pin re loca-  

t i o n ,  t h e  maneuverability of t h e  machine i s  e s s e n t i a l l y  the  same a s  

with the  unmodified version. 

Operation o f  t h e  d r i l l i n g  bo l t ing  cyc le  i s  completely automated, 

and a l l  four b o l t e r s  a r e  con t ro l l ed  from the  ope ra to r ' s  cab. 

bo l t e r s  a r e  jack s t a b i l i z e d ,  and bo l t ing  should be poss ib le  during the  

shearing portion of t he  cyc le .  However, no slide-through capab i l i t y  

i s  incorporated,  and no d r i l l i n g  o r  bo l t i ng  can be  done during sumping. 

I t  is presently planned t h a t  t he  f ron t  b o l t e r s  w i l l  have an e ight -bol t  

magazine and the  r e a r  b o l t e r s ,  a four -bol t  magazine. Reloading, which 

is a simple i n s e r t i o n  process,  would be required a f t e r  about a 20-foot 

advance of t he  face. Bolting, i n  tu rn ,  is f e l t  t o  be poss ib le ,  although 

A l l  

I 

t h i s  w i l l  r equi re  some repos i t ion ing  of t he  machine t o  accommodate bo l t -  

spacing cons t ra in ts .  

machine is  pul led  ou t  of a p l ace  'since the  forward b o l t s  can be  placed 

no c lose r  than 12 f e e t  from the  face .  This pick up bo l t ing  w i l l  be 

accomplished by means of a' TRS b o l t e r  described previously.  

Some p ick  up bo l t ing  w i l l  be required when t h e  

I 

The ex tens ib le  b e l t  haulage system t o  be used w i l l  be the  Lee Norse 

system with one tram c a r  and seve ra l  d r ive  s torage  un i t s .  Each d r ive  
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storage u n i t  w i l l  accommodate a maximum length  of 150 f e e t  o f  b e l t ,  

which can  b e  extended o r  r e t r i eved  a t  a r a t e  of 140 f e e t  per minute. 

System capac i ty  i s  on the  order of 12 tons per  minute. Modifications 

to  the  ex tens ib l e  b e l t  system include t h e  addi t ion  of p ro tec t ive  cabs 

or canopies t o  a l l  u n i t s  and r ev i s ions  to the  s t ee r ing  and tram cont ro ls .  

ANCILLARY SYSTEMS 

Given the  time dura t ion  and ex ten t  of t he  demonstration phase of 

t h i s  program, i t  w a s  considered des i r ab le  t o  i n t e g r a t e  t o  the  maximum 

extent a l l  research  and development r e s u l t s  t h a t  could be incorporated 

i n  t h i s  phase. The add i t iona l  items t o  b e  incorporated a r e  those  

developed from t h e  e f f o r t s  of mining research ,  which is conducted both 

in-house and under con t r ac t  programs o t h e r  than t h e  "Inherently Safe 

Mining Systems" cont rac t .  

and/or systems t h a t  w i l l  be  incorporated i n  t h e  a reas  of roof con t ro l ,  

c m u n i c a t i o n s ,  i l lumina t ion ,  dus t  con t ro l ,  and monitoring systems. 

The following ind ica t e s  some of t h e  equipment 

The incorpora t ion  of t hese  elements w i l l  include both demonstration, 

i n  those cases where the  technology has a l ready  been proven, and test 

and eva lua t ion  where concepts a r e  s t i l l  under development. 

The items under cons idera t ion  f o r  incorporation a r e  a s  follows: 

Roof nonicor ing  

1. Hor izonta l  Roof S t r a i n  Ind ica to r  (HORSI) system 

2. 3-in-1 roof deformation and f a i l u r e  warning device  

3. U-type b o l t  tension ind ica to r  
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Roof Monitoring (continued) 

4 .  

5. Helix pressure gage 

6. Hand held infrared scanner for detection of loose material 

7.  Mobile shield -- during experimental phases of system 

Micro seismic roof-fall warning system 

development in SRCM, Bruceton, and at ISMS mine, if 
applicable. 

Monitoring, Communications. LiRhting 

1. Automatic monitoring of methane, air velocity, temperature, 
and CO 

2. Advanced carrier phone systems and portable pocket paging 
equipment for section personnel 

3.  New lighting systems including wide-angle incandescent, 
mercury vapor, and, as development permits, polarized 
andlor flourescent for face area illumination and 
electroluminescent for machine identification. Hardware 
includes machine-mounted, portable, and personal units. 

Dust Control and Monitoring 

1. Application of foam in both coal cutting and handling 

2. Air curtain respiratory device for personnel protection 

3. Wet-drilling for automated roof drills 

4 .  Continuous miner equipped with integral respirable dust 
scrubber and water sprays at cutter bits 

5. Portable dust meters 

6 .  Portable rock dust/coal dust analyzer, development 
permitting. 

I 
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IN-MINE DDlONSTRATION 

The p r e c i s e  demonstration start da te s  and loca t ion  a r e  cur ren t ly  

under review and cannot b e  s p e c i f i c a l l y  i d e n t i f i e d  a t  t h i s  time. 

planned, t h e  conventional sec t ion  w i l l  b e  demonstrated i n  a seam of 

about 4 f e e t  i n  he igh t  and the  continuous sec t ion ,  i n  about 8 foot coal.  

Since both of t hese  sec t ions  a r e  t o  be operated f o r  a years  dura t ion  

each, and numerous v i s i t o r s  a r e  an t i c ipa t ed  i t  is important t h a t  easy 

As 

access to t h e  sec t ions  be ava i l ab le  both i n  a geographic and in-mine 

sense. Another important consideration i s ,  o f  course ,  t he  cos t  of 

obtaining and opera t ing  these  demonstration f a c i l i t i e s  over t h i s  time- 

frame des i red .  

A number of l oca t ions  i n  West Virg in ia ,  V i rg in i a ,  I l l i n o i s ,  and 

Kentucky have been examined and are cu r ren t ly  being evaluated and i t  

i s  a n t i c i p a t e d  t h a t  t h i s  ques t ion  w i l l  b e  resolved shor t ly .  


